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Abstract 
Rice (Oryza sativa L.) is one of the most important crops in the world and a basic 
food source for about two-thirds of the population. It has been grown in the tropics 
and sub-tropics probably for thousands of years. Owing to the fast growing world 
population, there is a high demand for increased and improved rice production. Wild 
relatives of cultivated rice, the related A genome species, carry a vast genetic 
diversity and are a significant resource for rice improvement. Recent advances in 
both molecular breeding programmes and next-generation sequencing have 
potential for application in genetic improvement of elite rice lines with valuable traits 
from wild rice species. Numerous genes have already been transferred from wild 
species into selected rice lines and new varieties have been released for commercial 
use. Very recently two distinct groups of wild rice have been discovered in northern 
Queensland. They could be new Australian wild rice species and represent novel 
gene reservoirs in rice. These populations have remained isolated from the great 
genetic impact of the domesticated rice populations from Asia. The characterisation, 
collection and conservation of this wild genetic resource may be critical for global 
food security. The focus of this study was, firstly, the characterisation of the novel 
Australian wild rice relatives in terms of their relationship with other Oryza species, 
including the cultivars, using full chloroplast sequence as well as nuclear genome 
regions; secondly, creating genomic resources of these wild rice relatives by means 
of whole genome sequencing and generating reference genomes for the two novel 
Australian wild rice taxa. The draft genomes generated were used for whole genome 
characterization studies including phylogenetic reconstruction with high resolution, 
divergence time estimation, structural descriptions, gene annotation, and repeat 
content exploration. The evolutionary inference results revealed that northern 
Australia might be the centre of diversity of the A genome Oryza and highlighted the 
need for better understanding and exploitation of these populations.  
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Chapter 1  
 
 
 
General Introduction  
 
 
 
1.1 The importance of rice and the need for rice improvement  
Rice (Oryza sativa L.) is one of the most important crops in the world and the basic food 
source for about two-thirds of the population. It has been grown in the tropics and sub-
tropics for thousands of years. Almost 90% of overall rice consumption and production 
takes place in Asia (Rockwood & Chandler 2001), where 60% of the world’s inhabitants 
live. The human populations in Asia rely on rice for up to 80% of their daily calorie 
requirement. Rice crops are important for the socioeconomic and political stability in many 
countries in Asia, Africa and Latin America, as well as being a substantial source of 
employment in those countries. 
Research on rice is significant for two reasons: as a model for plant science, 
especially in genomic studies supporting research on other species, and because of its 
role in food security for a fast growing world population. It is estimated that by 2050 there 
will be an additional 2 billion people living on Earth. The dilemma that humans are facing 
nowadays is how to ensure there is enough food to feed an increasing world population. In 
answering this question rice plays a very important role. 
There is an ongoing demand for increased rice production. On one hand, the 
growth in rice production required by the year 2030 is 25%, as it has been calculated that 
for every additional 1 billion people about 100 million additional tons of rice has to be 
produced (Global Rice Science Partnership 2010). On the other hand, this intensification 
has to occur using less land, water, labour and chemicals, i.e. pesticides, fungicides and 
herbicides, owing to the climate change and reduced surface of arable land (Abberton et 
al. 2016). 
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The challenges faced by rice growers currently include environmental stresses and 
adaptation to climate change. Rice production can be affected by pollution (air, water, 
heavy metals), soil degradation, global warming, decreasing availability of arable land, 
decreasing water availability, and fertilisation costs due to high-labour and high-energy 
requirements. The main stresses affecting plant production are both biotic (insect, 
bacterial, fungal and viral diseases) and abiotic (drought, salinity, floods). Furthermore, 
current cultivated varieties are considered to have reached almost the limits of their 
production (Food and Agriculture Organization 2016). 
In order to overcome these difficulties and to produce enough rice to feed the 
growing global population, new and better rice varieties are required. These improved 
cultivars need to be better adapted, faster growing with greater yield, enriched nutritional 
grain quality and have reduced environmental impact. In addition, they have to be resistant 
to biotic and abiotic stresses. Agronomic potential of rice has been increased through 
biotechnological techniques and conventional breeding. The first requirement for creating 
these new rice varieties is a deep understanding of rice biology and plant development. 
Recent progresses in molecular biology technologies and development of new tools have 
led to advances in rice genomics and genetics. Another important step is to find and 
describe valuable genes that can be used in rice improvement. A thorough 
characterisation of rice is important not only for improvement of cultivated rice but also for 
better management of rice germplasm for future utilisation and conservation. 
The other great importance of rice is its use as a model system for plant genomic 
studies. Owing to a small and compact genome compared to that of the major crops, rice 
has become a model organism facilitating research on other cereal grasses and 
understanding their biology, domestication and eventually, improvement. Rice is highly 
suitable for genomic studies due to its ease of transformation, colinearity of the genome 
with other cereal crops and rich genetic resources, including mutants, cultivated land races 
and wild rice relatives (Paterson et al. 2005; Shimamoto & Kyozuka 2002; Xu et al. 2005). 
Additionally, finished high-quality genome sequences and available genomic tools and 
resources increase the value of rice as a model system.  
1.2 The importance of wild rice in food security 
Wild relatives of cultivated rice are more genetically diverse than domesticated species 
and represent an important resource for rice improvement. In comparison to the 
commercial cultivars, wild rice is characterised by low grain yield, poor grain type and grain 
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shattering in natural habitats. Moreover, there is enormous diversity between wild rice 
species with respect to morphological characteristics (plant height, production of side 
shoots, clum, leaf, panicle, seed features), flowering time, distribution and growth habitat, 
adaptation to different environments and stresses, and agronomic traits. Wild rices have 
poorer yield than domesticated varieties, but despite this, wild rice species have genes 
with potential to provide a significant enhancement of agricultural productivity of cultivated 
rice (Sweeney & McCouch 2007). The desirable gene pool for rice improvement includes 
genes for biotic and abiotic stresses as well as yield-enhancing traits. 
Numerous genes have been already transferred from wild species into elite rice 
lines and new varieties have been released for commercial use. The improvements in the 
novel varieties include resistance to grassy stunt, brown plant hopper, tungro virus, 
bacterial blight, blast, as well as tolerance to acid sulphate soils and salinity (Brar & Singh 
2011). This has been carried out mostly in rice-growing countries in Asia. In African rice 
species new traits that have been introduced include high yield, earlier harvest time, 
competitive ability with weeds, and tolerance to abiotic stresses. Also there are two new 
varieties tested in the USA for heat tolerance (Sanchez et al., personal communication). 
Little work has been done on transferring genes for tolerance to abiotic stresses. 
Genetic diversity in wild rice is declining due to modern agriculture practices (Zhang 
& Wing (eds.) 2013). Some of the wild rice species are already extinct or close to 
extinction which has led to loss of biodiversity causing concerns for preservation of wild 
rice germplasm.  
1.3 High throughput sequencing technology 
DNA sequencing and genomic technologies have advanced considerably in the last 
decade. Nowadays, these technologies are used to create whole genomes, 
transcriptomes, exomes and even epigenomes in both model and non-model species. 
Currently sequencing has multiple applications in a vast number of fields including plant 
science. Sequencing methodologies have had an enormous impact on plant research 
revolutionising the study of plant evolution and diversity as well as accelerating crop 
breeding. Numerous molecular markers have been created [Single Nucleotide 
Polymorphism (SNP), Simple Sequence Repeat (SSR), etc.] that have led to the discovery 
and mapping of new quantitative trait loci (QTLs) and alleles [e.g. Su et al. (2015), Kaya et 
al. (2016), Hou et al. (2015)], and to advancement in marker-assisted selection (MAS) and 
breeding [e.g. Gramazio et al. (2016), Leite et al. (2016), Iwata et al. (2016)], genome-wide 
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association studies [GWAS; e.g. Marcotuli et al. (2016), Körber et al. (2016), Liu et al. 
(2016)] , and genotyping-by-sequencing [GBS; e.g. Bajgain et al. (2016), Boutet et al. 
(2016), Yu et al. (2016)]. Sequencing technologies also have been used to understand 
domestication events (Henry 2012), mechanisms of biological and molecular processes 
within the cell, and whole genome duplication events [e.g. Qin et al. (2014), Wang et al. 
(2014a), Wang et al. (2013)]. Genomics also allows for gene annotation, discovery of 
novel genes, studies of gene expression and biosynthetic pathways [e.g. Schnable et al. 
(2009), The Potato Genome Sequencing Consortium (2011), Brenchley et al. (2012)]. 
The first plant genome sequence of Arabidopsis thaliana was published in 2000 
(Arabidopsis Genome Initiative 2000). It was generated using Sanger sequencing, which is 
a first generation sequencing method. The second plant genome sequenced using this 
technology was rice (Goff et al. 2002). The Sanger method uses dideoxy analogues of 
triphosphatates that inhibit DNA polymerase – the process is known as dideoxy chain 
termination (Sanger et al. 1977). First, the genome is randomly fragmented and 
subsequently each fragment has to be cloned into a vector (cosmid, bacterial artificial 
chromosome or yeast artificial chromosome) and every clone is sequenced separately. 
Automated platforms for Sanger sequencing were introduced in the early 1990s that 
utilised four-colour fluorescent dyes and capillary electrophoresis in contrast to previously 
used polyacrylamide gel electrophoresis. This method led the sequencing field for almost 
twenty years and delivered a number of completed genome sequences of human, animals, 
plants and microorganisms. Despite the improvements, the Sanger technology was very 
expensive, time-consuming, labour-intensive and using the technique, sequencing of large 
and complex genomes, e.g. human genome would have taken more than a decade to 
complete (International Human Genome Sequencing Consortium 2001; Venter et al. 
2001). These limitations resulted in introduction of second- or next-generation sequencing 
(NGS) methods in the mid-2000s. They produce large volumes of data at cheaper per-
base cost, in much shorter timeframes and with less labour investment. Next-generation 
methods allowed the broader scientific community greater access to sequencing and the 
launch of numerous large-scale studies. The most common high throughput sequencing 
methods include 454 (Roche), SOLiD (ThermoFisher Scientific) and Illumina. Currently, 
Illumina dominates the second generation sequencing market. 
Each of the sequencing technologies can be divided into several stages of template 
preparation, sequencing and signal detection. The library construction involves the 
shotgun method that randomly splits the genomic DNA into small pieces and creates the 
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templates for sequencing (Fleischmann et al. 1995). The library originates from a single 
DNA molecule but requires clonal amplification and immobilisation prior to sequencing. 
Roche 454 and SOLiD use emulsion PCR and DNA capture onto beads. The templates in 
Roche 454 are placed into wells, and in SOLiD system they are linked to a glass surface. 
In Illumina the amplification (called solid-phase or bridge amplification) and immobilisation 
take place on a glass slide. Roche 454 uses so called pyrosequencing based on a series 
of enzymatic reactions initiated by a release of inorganic pyrophosphate when a single 
nucleotide is incorporated into the DNA library. As a consequence a visible light is 
released and measured by an optical detection system. In this platform each of the 
nucleotides (cytosine, guanine, adenine and thymine) is added one at the time, followed by 
a washing step and addition of the next specific nucleotide. SOLiD performs sequencing 
by ligation and in contrast to other technologies, uses DNA ligase instead of DNA 
polymerase. The number of hybridisation and ligation cycles with specific two-base-
encoded probes enables each nucleotide in the template to be read twice, thereby 
improving accuracy. Every cycle is followed by four-colour imaging and chemical cleavage. 
Illumina sequencing involves synthesis and reversible terminator-based chemistry with 
fluorescently labelled nucleotides and modified DNA polymerase. The main features of this 
chemistry include incorporation of a single modified nucleotide and momentary termination 
of DNA synthesis, followed by four-colour fluorescent imaging. The cycle terminates with a 
cleavage of the terminating group and the fluorophore from the incorporated nucleotide.  
In the early 2010s third-generation sequencing technologies emerged. Platforms 
included in this category are Ion Torrent (Thermo Fisher Scientific) and PacBio RS (Pacific 
Bioscience). Pacific Biosciences is known as a single-molecule, real-time (SMRT) 
sequencing technology (Eid et al. 2009). The proprietary instrument detects fluorescent 
light that comes from DNA polymerase incorporation of dye-labelled nucleotides onto a 
DNA template in real time. The library comes from a single DNA molecule and does not 
require PCR amplification, which differentiates this method from the second generation 
technologies. The template is polymerase-immobilised on a solid support called a zero-
mode waveguide detector. On the other hand, Ion Torrent is based on semiconductors; 
instead of using light detection, an ion-sensitive field measures the pH change caused by 
hydrogen ion release upon nucleotide incorporation. The library is constructed by emulsion 
PCR, DNA capture onto proprietary sphere particles, after which synthesised fragments 
are loaded onto chip wells. This technology differs from the others by the absence of 
fluorescence or chemiluminescence for detection. 
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Newer sequencing methods have also been recently developed, i.e. nanopore 
sequencing. This technology involves forcing the DNA molecule through a nano-scale pore 
and measuring the resulting alteration in electrical current through the pore. The 
nanopores used in sequencing can be either protein pores suspended in lipid bilayers 
(Tobkes et al. 1985) or artificial nanopores made of solid state materials (Li et al. 2001), 
e.g. grapheme (Merchant et al. 2010) and titanium nitride (Luan et al. 2010). A 
commercially available nanopore sequencing instrument has been introduced by Oxford 
Nanopore Technologies (Clarke et al. 2009). It uses the protein pore and measures 
changes in conductivity across a protein pore as DNA passes through. The nature of the 
current change is used to detect the nucleotides in the template. 
Besides the differences in underlying chemistry between the sequencing platforms, 
they also vary in quality of the data, read length, error type and rate, throughput, speed, 
cost and applications. The main drawback of second generation sequencing methods, 
compared to conventional Sanger sequencing, is the read length (string of nucleotides 
sequenced at a time). Sanger methods reach up to about 1 Kb in length, whereas read 
lengths for Illumina are about 100-150 bp and for SOLiD are approximately 60 bp. Roche 
454 and Ion Torrent produce longer reads, up to 1 Kb and up to 400 bp, respectively; 
however, the read quality is poorer. Read length has been improved significantly with the 
introduction of PacBio and Oxford Nanopore with have average read lengths 10-15 Kb and 
5 Kb in turn; nonetheless the quality is considerably lower. Sanger is still considered by the 
research community as a gold standard for providing very high accuracy data. 
1.4 Genome assembly 
Genome assembly is a process of reconstructing an original genome sequence from many 
small DNA fragments derived by a sequencing instrument. Two different types of genome 
assembly can be distinguished: de novo and reference-based assembly. The latter 
process consists of mapping sequencing reads to a reference genome and calling a 
consensus based on that genome. The reference genome comes from the same or closely 
related species. Reference-based assembly is mainly used in identifying and classifying 
genetic variations within the same species or genera and they are widely used in re-
sequencing projects. A de novo process reconstructs the sequence without access to a 
reference; as a result this approach is extensively used for sequencing of non-model 
organisms.  
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The two main paradigms used in the de novo genome assembly are greedy and 
graph-based approaches (Miller et al. 2010). The greedy algorithm is one of the simplest 
strategies which involves merging together the sequencing reads based on their overlaps 
and their quality (Pop & Salzberg 2008). However, it represents only a locally optimum 
solution to the assembly problem and tends to collapse the repeats. It was widely used in 
the early assemblers, e.g. phrap, which was the main assembler in the Human Genome 
Project (International Human Genome Sequencing Consortium 2001).  
Graph-based approaches represent the sequencing data as graph structures where 
the reads form nodes connected by edges (relationships between the reads). Some types 
of graphs used in genome assemblies are overlap-layout-consensus (OLC), de Bruijn and 
string graphs. OLC graph is the simplest model with reads represented as nodes and 
overlaps between them as edges (Kececioglu & Myers). In this strategy the assembly 
follows three main steps: overlapping of the reads and forming initial continuous 
sequences (contigs), layout, i.e. ordering and orienteering the contigs, and consensus 
generation by multiple alignments. It is suitable for long reads but inappropriate for large 
amounts of short read data. The approach was used in another human genome 
sequencing project (Venter et al. 2001). Another type of graph-based genome assembly is 
the de Bruijn graph (Pevzner et al. 2001). Briefly, each sequencing read is split into k-mers 
of a specific length prior to graph creation. The k-mers are extracted from reads and 
represented as nodes; the adjacent k-mers are also extracted and represented as edges. 
The solution to the assembly problem in this case consists of walking through the graph 
and finding a path that visits every edge only once, which is called the Eulerian path. This 
is the most widely used approach in the genome assembly of short read data and has 
been applied in numerous genome assemblies. The main downside of the de Bruijn graph 
approach is that the repeats are also collapsed in the final assembly. String graphs are 
another type of graph, which are conceptually very similar to the de Bruijn graph but it is 
not necessary to break the reads into k-mers (Myers 2005). 
De novo assembly of a genome remains very challenging. Firstly, because of 
technological issues associated with the sequencing platforms, i.e. errors in the reads, 
underrepresentation of long homopolymer stretches of DNA and or GC-/AT-rich regions in 
the raw data; secondly, because of computational issues, i.e. processing of the data, 
available software and algorithms, computational resources and access to them; thirdly, 
due to the nature of the organism sequence itself, i.e. size and complexity of the genome. 
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Plant genomes are particularly challenging to sequence. Many plant genomes are 
much larger than animals; they have high ploidy levels, extensive repetitive sequence 
content, duplications (whole genome, segments and tandems) and significant 
heterozygosity rates. Also, they exhibit the presence of large gene families, high numbers 
of genes and pseudogenes that arose as a result of whole genome duplications and 
transposon movements (Schnable et al. 2009). All these characteristics negatively affect 
the assembly process making it more troublesome, especially with regard to repeat 
numbers and lengths (Nagarajan & Pop 2009). As a consequence, draft plant genome 
assemblies tend to be very fragmented, with a high number of contigs and collapsed 
repeats.  
Overall, short read technologies alone are not suitable for highly polyploid and 
repetitive plant genomes as they prevent the construction of high quality assemblies. In 
order to overcome some of the assembly constraints, additional strategies and or data can 
be utilised. One of the most common solutions is to use paired end or mate pair reads. 
These reads come from both ends of a DNA fragment that is too long to be sequenced 
entirely. Knowing the size of the fragment can inform how far the sequenced ends are from 
one another. This extra information aids with orienting shorter contigs into longer scaffolds. 
In one assembly project several libraries with different insert sizes can be sequenced, 
combining the strategies of paired end and mate pair reads to improve overall assembly 
quality.  
Another improvement can be accomplished by hybrid assemblies, i.e. combining 
data from a number of different platforms or completely replacing short reads by third 
generation long read technologies, i.e. PacBio or Oxford Nanopore, as longer reads can 
resolve most of the repeats. These platforms not only extend the read length to the point 
where they easily span repeats, but also by numerous technological improvements they 
eliminate the issues with homopolymers and GC-/AT-rich parts. However, the weakness of 
these instruments is a high error rate. This can be overcome by sequencing to high 
coverage, which increases the overall cost of sequencing. Unfortunately, higher coverage 
can only improve the assembly up to a certain point, after which further increases will not 
affect the assembly contiguity. 
Further improvements, which do not relate to sequencing, can be accomplished by 
creating genome maps. These can be either genetic or physical maps. They both 
represent a set of molecular markers with known position and distance on the genome, 
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either genetic or physical. Subsequently, a map can be used to resolve misassemblies and 
anchor de novo genome assemblies by means of orienting and ordering the contigs (Fierst 
2015). 
Typically, genome assembly is only the first step in a whole genome sequence 
project; functional annotations of protein and non-protein coding regions, comparative 
genomics, phylogenetic analysis, variation determination are only few examples of 
possible subsequent studies.  
None of the genomes reported until now are fully completed. There are always gaps 
and errors present in the assemblies. Completely finishing a genome is an expensive, 
time- and labour-consuming task and impossible to accomplish with the current 
sequencing and assembly technologies. However, technologies in both of these areas are 
advancing very rapidly and methods outlined above are likely to be further developed and 
significantly improved in the near future. Moreover, new technologies are actively under 
development that can revolutionize the genomics field once more, e.g. sequencing based 
on microfluidic channels and nanowires (Zheng et al. 2005), electron microscopy (Bell et 
al. 2012), reversible terminator chemistry using photocleavable dyes and terminating 
groups (Wu et al. 2007), nanopore arrays (McNally et al. 2010), and sequencing by 
expansion (Kokoris & McRuer 2008). 
1.5 Phylogenetic inference 
Advances in DNA sequencing have delivered vast amounts of sequence data that is also 
used in the field of phylogenetics. Phylogenetic studies provide insight into evolutionary 
history and relationships between organisms. In these studies, species are defined in 
terms of their DNA, with or without supporting synapomorphic morphological characters 
(shared by two or more taxonomic groups of interest). A typical workflow includes 
sequence assembly, homologous region identification, sequence alignment, and inference 
of gene and species trees (Guang et al. 2016).  
Commonly used analytical methods to infer phylogenies can be classified as 
distance- or character-based (Whelan et al.). In distance approaches, first the pairwise 
distance (number of differences between every pair of sequences) is calculated and 
represented as a matrix. Subsequently, a phylogenetic tree is reconstructed using a 
clustering algorithm (Van de Peer et al. 2009). Examples of those methods include 
neighbour-joining [NJ; Saitou & Nei (1987)] and unweighted pair group methods using 
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arithmetic averages [UPGMA; Michener & Sokal (1956)]. Computational speed and 
efficiency make the methods suitable for initial examination of the relationships between 
species in an alignment. However, they have several limitations. Distance-based methods 
can ignore some of the evolutionary information within the dataset by calculating pairwise 
distances only and disregarding character states and their relatedness. Furthermore, they 
provide only one tree as opposed to character-based methods where the final tree is a 
consensus from numerous candidate trees.  
In character-based approaches each character from each sequence of interest is 
compared (in the sequence alignment) and scored; at the end a phylogenetic tree is 
reconstructed. Examples of character-based methods include maximum parsimony [MP; 
Sober (1988)], maximum likelihood [ML; Cavalli-Sforza & Edwards (1967)] and Bayesian 
inference [BI; Rannala & Yang (1996)]. These methods are more accurate than distance-
based methods but considerably slower. 
The MP approach seeks a tree with the lowest number of evolutionary changes 
among sequences and adopts a very simple evolutionary model in which all probable 
nucleotide substitutions are possible to the same extent. Maximum parsimony may report 
multiple similarly parsimonious trees that pose an additional challenge of finding the 
consensus tree. On the other hand, ML is a statistical concept which estimates a set of 
parameters with a probability under an explicit evolutionary model (Brocchieri 2001); the 
consensus tree represents the tree topology with maximum probability. Finding the ML 
tree is a mathematically complex and computationally demanding process. Both MP and 
ML utilise numerous search methods, i.e. exhaustive, exact and approximate. The 
exhaustive methods exploit all possible tree topologies and output the best topology; 
nevertheless are impractical in use. Exact methods (e.g. branch-and-bound) reduce the 
number of trees that must be examined and are mostly applied to small datasets. For large 
datasets, heuristic (approximate) methods, such as nearest-neighbour interchange (NNI), 
subtree pruning and regrafting (SPR), and tree bisection reconnection (TBR), are used. 
Although they are extremely fast, a globally optimal tree cannot be guaranteed since 
heuristic methods report highly possible trees but not necessarily the one with maximum 
likelihood. However, they make the computational task feasible.  
Bayesian inference also involves an evolutionary model selection and it is based on 
the posterior probabilities of phylogenetic trees that are calculated using Bayes theorem. 
The final tree is the one with the highest posterior probability. The strengths of BI include 
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the possibility of incorporating prior information, if such is available, and computational 
effectiveness (Yang & Rannala 2012). 
1.5.1 Chloroplast-based phylogenies 
The chloroplast has a maternally inherited haploid genome that is present in high copy 
number in plant cells. Most plants have an extremely conserved chloroplast genome with 
conserved gene order but occasional sequence rearrangements in some species (Wolfe et 
al. 1987). The chloroplast genome also does not undergo recombination.  
In the last decade a number of full chloroplast genomes have been reported using 
various NGS platforms and have been proven effective for inferring genetic relationships in 
plants (Parks et al. 2009) as well as for plant and food identification. Advances in NGS 
data analysis also eliminated the need for chloroplast isolation and amplification prior to 
sequencing (Nock et al. 2011). Owing to their size [120-160 Kb; Green (2011)], chloroplast 
genomes are large enough to collect a sufficient number of differences in order to 
distinguish between and within species. Therefore, whole chloroplast genomes are used 
as a single locus for plant barcoding. Some very important phylogenetic trees have been 
resolved using plastid genomes, e.g. basal angiosperms (Moore et al. 2007) and eudicots 
(Moore et al. 2010).  
The main drawback of using chloroplast DNA for phylogenetic reconstruction is that 
it does not capture biological events that may have happened throughout the life history of 
an organism, such as incomplete lineage sorting, interspecific hybridisation and coalescent 
processes (Comes & Abbott 2001; Hudson 1990; Mason-Gamer et al. 1995).  
1.5.2 Whole genome-based phylogenies  
The ever increasing number of whole genome sequences has opened possibilities of using 
greater amounts of data to infer phylogenetic relationships. To determine an evolutionary 
tree using whole genome data, a single or low copy set of orthologous sequences (genes 
descending from a common ancestor) is used. This multilocus analysis from a number of 
genomes offers more characters (information) than chloroplast genomes and delivers 
more accurate molecular taxonomy. 
A phylogenetic tree reconstructed from DNA sequences from a group of genes is 
called a gene tree, while a tree that represents the evolutionary relationship between 
groups of species is called a species tree. These trees can be contrasting if the evolution 
of species and genes has been distinct. If the genes have their own descent patterns 
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and/or incomplete lineage sorting has occurred, the calculated gene tree topology is 
different from a species tree. Usually, the gene sequences are short and do not provide 
enough data to distinguish between or within species. However, it is important to create a 
species tree rather than gene tree and it can be accomplished by increasing the number of 
genes used in the reconstruction. 
There are several strategies to analyse data from high numbers of genes or 
genomic regions. The first is to concatenate all sequences together into one 
supersequence (supermatrix) and analyse it as a single sequence/gene [e.g. Murphy et al. 
(2001)]. A disadvantage of this approach is that, because of the concatenation, it ignores 
the possibility of different evolutionary history for each of the genes, as well as different 
substitution rates. Additionally, a supermatrix may lead to incorrect topologies because of 
incomplete lineage sorting, interspecies hybridisation or gene flow (Maddison 1997). 
Nevertheless, this strategy is probably the most widely used among all approaches. The 
second method is to investigate each gene separately, infer a phylogeny and subsequently 
combine individual trees together into one supertree. A drawback of this approach arises 
at the combining step where the commonly used heuristic methods do not include 
statistical properties and ignore individual estimates from subtrees.  
Views of phylogeneticists differ as to which approach is better; some researchers 
support the supermatrix approach [e.g. de Queirozand Gatesy (2007)] and others prefer 
the supertree [e.g. Bininda-Emonds (2004)]. 
1.5.3 Molecular clock 
A molecular clock may be used to estimate the divergence time between organisms based 
on molecular data and the mutation rate of their DNA. The hypothesis states that the DNA 
sequence evolves at a reliable rate that is constant over time and among distinct species 
(Ho 2008), and based on this theory, a number of molecular methods and models have 
been developed to estimate times of speciation.  
The first steps of the process consist of selection of an adequate method of 
analysis, model of nucleotide substitution and model of the molecular clock (Ho & 
Duchêne 2014). Main methods of analysis include distance-based, maximum likelihood 
and Bayesian inference. Strict and relaxed molecular clocks are the two most widely used 
models, where the former assumes homogeneous rates among sites in the data and has 
one parameter, i.e. the rate of substitutions, and in the latter a distinct evolutionary rate 
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can be assigned to each branch. In yet another model, the multi-rate clock, a restricted 
number of rates is used and, as a consequence, some branches exhibit the same 
substitution rates. Relaxed molecular clocks can be further divided into autocorrelated and 
uncorrelated clocks, where the former presumes that adjacent branches exhibit 
comparable rates, whereas in the latter this assumption is ignored. 
Calibration is by far the most important step in the molecular clock procedure. It is 
usually done by constraining the age to one of the nodes or specifying a prior age 
distribution for a number of nodes in the phylogenetic tree (in BI). It is typically based on 
fossil records (the earliest fossil evidence) and has huge impact on the estimates. Other 
methods of calibration may include geological events (continental drift, colonisations), 
demographic events, and sequence data (age of the sample, used mainly for viruses). 
Multiple calibrations are also possible and if the substitution rate is known, it can be used 
for calibration as well.  
1.6 Project objectives  
The overall objective of this study was to investigate Australian wild rice species with an 
emphasis on two new perennial populations recently discovered in northern Queensland, 
referred here to as Taxon A and Taxon B.  
The first aim was to determine the phylogenetic relationship between Australian wild 
rice relatives (Taxon A and Taxon B) and two closely related Oryza species, namely 
O. rufipogon and O. meridionalis. A further objective was to resolve the relationship 
between these rices and other AA genome Oryza relatives based on available full 
chloroplast sequences. Additionally, functional annotation of the Taxon A chloroplast 
genome was undertaken and comparative genomics of the species was explored. In order 
to perform these analyses a high quality chloroplast genome of Taxon A was required. 
Therefore, another aim of the project was to compare sequencing strategies, as well as 
analysis tools for accurate and cost effective whole chloroplast barcoding. 
The central goal of the study was to apply advanced sequencing and genomic 
approaches to generate nuclear genome sequences for the Australian perennial wild rice 
relatives, both Taxon A and Taxon B. The target was to obtain the most complete genome 
possible taking into account the most advanced sequencing and assembly technologies, 
as well as the cost and timing. Having Taxon A and Taxon B genome sequences 
available, the study aimed to carry out a genome wide analysis of the wild rice and other 
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available rice genomes. This analysis included phylogenetic reconstruction with high 
resolution, divergence time estimation, description of the genomes, annotations of protein 
coding sequences, RNAs and non-coding segments of the genomes (repetitive 
sequences). 
1.7 Thesis outline 
Chapter 1 provides a general introduction to the thesis project including thesis objectives 
and outline. A brief, comprehensive review of recent and relevant literature concerning 
general information about the genus Oryza, its diversification, genomics, and sequencing 
technologies used in the field, as well as a review of Australian Oryza status is described 
in Chapter 2.  
The following chapters (Chapters 3-5) cover the main research undertaken during 
the project. Chapter 3 aims to compare sequencing platforms and analysis tools for whole 
chloroplast barcoding, whereas Chapter 4 examines the resulting chloroplast genome of 
one of the novel wild rice populations identified in northern Australia (Taxon A). Chapter 5 
provides strategies for sequencing and de novo assembly for generating Australian wild 
rice draft genomes. This chapter also includes basic assembly statistics and genome 
characteristics along with results from functional annotation, repeat content exploration 
and genome-wide studies. The results of whole-genome phylogenetic inference between 
Australian taxa and other Oryza species are presented herein as well. These include 
phylogenetic relationships, divergence time estimation and evidence for possible 
introgression events between those species. 
In Chapter 6, the main results of the thesis are summarised and discussed. The 
final chapter, Chapter 7, lists the references used throughout the thesis. 
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Literature Review ….. 
 
 
 
2.1 Genus Oryza 
Genus Oryza belongs to the subfamily Ehrhartoideae of the family Poaceae. It is a small-
sized genus including approximately twenty-three wild species and two domesticated 
species, O. glaberrima and O. sativa L. (Khush 1997). The exact number of species 
depends on the taxonomy adopted. Oryza species have an extensive habitat distribution 
throughout Asia, Australia, Africa, South and Central America. The Asian cultivated rice, 
O. sativa, is found all over the world and consists of two major sub-species, namely 
O. sativa sub-species japonica and sub-species indica. Indica can be further divided into 
aus and indica, and japonica into tropical japonica, temperate japonica and aromatic 
groups (Garris et al. 2005). Oryza glaberrima, the African cultivar, is grown on a limited 
scale in West Africa. Wild rice species are distributed in tropical and temperate regions, 
between 55° N and 36° S latitudes. 
Both diploid (Uozu et al. 1997) and allotetraploid (Ge et al. 1999; Martinez et al. 
1994) Oryza species have been reported (Table 2.1). The majority of recognized rice 
species are diploids (2n = 2x = 24) with the haploid chromosome number of 12. Nine 
species, which account for nearly one-third of the species number, were found to be 
tetraploids (2n = 4x = 48). Ten genome types were characterized, specifically AA, BB, CC, 
EE, FF, and GG for diploids, and BBCC, CCDD, HHJJ and HHKK for tetraploids 
(Ammiraju et al. 2010b; Ge et al. 1999; Lu et al. 2009). Both rice cultigens are diploids and 
belong to A-genome complexes along with six other wild relatives. 
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Table 2.1 Oryza species, their chromosome numbers, genome groups and distribution. 
Species Chromosome 
number  
(2n for x=12) 
Genome 
group 
Distribution 
O. alta Swallen 48 CCDD Central and South America 
O. australiensis Domin. 24 EE Northern Australia 
O. barthii A. Chev. 24 AA West and Central Africa 
O. brachyantha A. Chev. et 
Roehr 24 FF West and Central Africa 
O. coarctata Tateoka 48 KKLL Asian Coastal Area 
O. eichingeri A. Peter 24 CC Central Africa, Sri Lanka 
O. glaberrima Steud. 24 AA West Africa 
O. glumaepatula Steud. 24 AA South and Central America 
O. grandiglumis (Doell) Prod. 48 CCDD South America 
O. granulata Nees et Arn. ex 
Watt 24 GG South and Southeast Asia 
O. latifolia Desv. 48 CCDD Central and South America 
O. longiglumis Jansen 48 HHJJ Indonesia, Papua New Guinea 
O. longistaminata A. Chev. et 
Roehr 24 AA Africa 
O. malampuzhaensis Krish. et 
Chand.b 48 BBCC Southern India 
O. meridionalis Ng 24 AA Northern Australia, Papua New Guinea 
O. meyeriana (Zoll. et Mor. ex 
Steud.) Baill. 24 GG Southeast Asia 
O. minuta J. S. Pesl. ex Steud. 48 BBCC Southeast Asia 
O. neocaledonica Morat 24 GG New Caledonia 
O. nivara Sharma et Shastryc 24 AA South and Southeast Asia 
O. officinalis Wall ex Watt 24 CC South and Southeast Asia, Papua New Guinea, Northern Australia 
O. punctata Kotschy ex Steud. 24, 48 BB, BBCCa Africa 
O. rhizomatis Vaughan 24 CC Sri Lanka 
O. ridleyi Hook. F. 48 HHJJ Southeast Asia, Papua New Guinea 
O. rufipogon Griff. 24 AA South and Southeast Asia, Northern Australia 
O. sativa L. 24 AA Worldwide 
O. schlechteri Pilger 48 HHKK Papua New Guinea 
a
 A tetraploid form of O. punctata is also known as O. schweinfurthiana Prod. 
b
 Oryza malampuzhaensis Krish. et Chand. is also considered as tetraploid form of O. officinalis. 
c
 Oryza nivara is also known as annual form of O. rufipogon. 
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2.2 Diversity in rice 
There is an enormous diversity in rice species, cultigens, land races and wild relatives. 
The diversity is present at morphological, physiological and ecological levels and is due to 
different climates, adaptation processes, soils, water availability, seasonal changes, and 
agricultural practices (Garg et al. 2014; Giuliani et al. 2013; He et al. 2014; Iwamatsu et al. 
2008; Scafaro et al. 2012).  
On the morphological level wild rices are characterized, among other features, by 
long awns (bristles growing from the spikelets), mostly open panicles, low number of small 
dark grains, as well as shattering as a means of seed dispersal, higher dormancy levels, 
and partial outcrossing (Sweeney & McCouch 2007). In contrast, the typical characteristics 
of cultivated varieties are short awns, grains differing in size but mostly large and with no 
pigmentation (in Asian cultivars), compact panicles and a high number of seeds. 
Moreover, they are harvested more easily due to reduced shattering and uniform 
germination. These varieties are also almost entirely inbreeding. 
Great diversity in rice can also be observed at the genomic level and in the genome 
sizes of Oryza species. Oryza australiensis (genome E) has the largest genome size 
[960 Mb; Figure 2.1; Ammiraju et al. (2006)] among all diploid species, which was found to 
be due to the high number of retrotransposon copies (8 x 104 per haploid genome) and 
repetitive sequences [more than 10% of the genome; Zao et al. (1989)]. The smallest 
diploid genome is of O. brachyantha [genome F; 261 Mb; Chen et al. (2013)] which is 
suspected to be a consequence of a decrease in the number of non-specific genome 
repetitive regions and retrotransposons or loss of the ability to amplify and spread 
throughout the genome. In the case of allotetraploid species, O. ridleyi was found to have 
the greatest genome size [1,283 Mb; Ammiraju et al. (2006)]. The genome sizes of 
cultivated species, O. sativa and O. glaberrima, are 390 Mb and 354 Mb, respectively 
(Kawahara et al. 2013; Wang et al. 2014b). 
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Figure 2.1 The Oryza species genome sizes. Data from Ammiraju et al. (2006), Kim et al. (2008) and Stein et al. 
(personal communication). 
 
2.2.1 Origin of genus Oryza 
The origin of the genus Oryza is not well established yet and two theories exist that try to 
explain the time and place of the origin of rice. 
One hypothesis of Oryza origin suggests that the genus originated from the 
Gondwana continent and, after the break-up of the supercontinent, it spread widely across 
the world to Africa, South and Southeast Asia, South America and North Australia (Chang 
1976; Second 1985). The divergence time was estimated based on isozyme 
electrophoresis data (Second 1985), which indicated that a split among Oryza species 
took place ~15 million years ago (mya) and separation of the African A-genome from 
Asian A-genome took place ~7 mya (Miocene epoch). 
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Another hypothesis states that today’s Oryza distribution is a result of migration of 
humans, animals, and birds (Vaughan et al. 2005). It also recognises Asia as the origin 
and the centre of diversity of Oryza. A recent molecular phylogenetic study of the Oryzeae 
tribe also suggested that the genus Oryza arose in Asia and successively spread out to 
America, Africa and Australia, where it gave rise to other species across these regions 
(Tang et al. 2010). Moreover, the split of the Oryza genus (from other genera in Oryzeae) 
and first divergence inside the genus was calculated at ~17.5 and ~15 mya, respectively. 
These estimations differ from previously reported divergence times, ~14 mya and ~9 mya 
for Oryza split and time of the crown node of Oryza, respectively (Guo & Ge 2005). The 
study proposed that Oryza diversification was achieved by both dispersal and vicariance. 
Moreover, results suggested that there were multiple dispersal events from Asia to Africa 
and Australia and America. In this study, the Gondwana hypothesis has been rejected, as 
indications are that the breakup of the supercontinent took place long before the origin of 
the genus Oryza and the importance of long-distance dispersal, including oceanic 
dispersal, of plant species has been highlighted.  
The latest study on diversification in the grasses family (Poaceae) included new 
fossil evidence from central India related to the rice tribe, Oryzeae, and gave a new light 
on the origin of this tribe and all grasses (Prasad et al. 2011). According to these new 
findings, Oryzeae divergence occurred earlier in the past than was previously reported. It 
was estimated to be 62.6 ± 9.9 mya, instead of the former assessment of 34.5 ± 6.8 mya 
(Vicentini et al. 2008). As a consequence, the time of origin of all grasses was pushed 
back as a whole, including the genus Oryza. 
There are also two hypotheses of geographical origin of O. glaberrima in Africa. The 
first states that the heart of the origin was the inland Delta of the Upper Niger River and 
then the species spread across other regions (Porteres 1970). This was also confirmed in 
a recent multilocus DNA sequence study (Li et al. 2011). The second hypothesis considers 
several different locations of rice divergence (Richards 1996). 
2.2.2 Domestication and cultivation of rice 
Asian and African cultivated rice species were domesticated independently in Asia and 
Africa (Chang 1976). The process of the evolution of the two domesticated cultigens can 
be presented as: “wild perennial → wild annual → cultivated annual”. In Asia the perennial 
wild species corresponds to O. rufipogon and the annual to O. nivara (also referred to as 
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an annual ecotype of O. rufipogon). In Africa these species are O. longistaminata and 
O. barthii, respectively.  
Asian rice, Oryza sativa, is believed to be domesticated ~8,000-9,000 years ago in 
Yangtze Valley in China (Higman & Lu 1998; Liu et al. 2007). The oldest archaeological 
evidence of rice in Asia was found at sites of Xianrendong and Diaotonghuan (Yangzi 
River Valley) and was dated to 11,000-12,000 BC (Zhao 1998). It is not clear whether 
those were cultivated or wild rice plants. The oldest discovered rice paddy fields were 
dated to 4,000 BC which delivered a proof of rice cultivation in those times (Cao et al. 
2006). In India, rice consumption was dated to 7,000-5,000 BC by archaeological works in 
Ganges Valley (Fuller 2006).  
Domestication of African rice took place much later than Asian rice but before the 
introduction of O. sativa to Africa (Sweeney & McCouch 2007). Archaeological findings of 
rice grains in Africa are dated from 1800 BC to 800 BC (it is not known if those were 
domesticated or wild rices). The latest studies indicate that the African rice originated 
about 1500 BC in the Niger River Delta (Linares 2002). Evidence of the oldest 
domesticated plants comes from 300 BC-200 BC from the Inland Niger Delta (McIntosh 
1995).  
The domestication of O. glaberrima has been found to be due to a single 
domestication event (Li et al. 2011), whereas the precise origin of cultivated rice in Asia is 
an ongoing debate. Two main models support either single or multiple origins of O. sativa 
subspecies: indica and japonica. The first model states that rice was domesticated from 
wild rice species and the differentiation of indica and japonica occurred after 
domestication. This is supported by various studies of individual genes (Li et al. 2006; 
Sweeney et al. 2006), genetic loci (Tan et al. 2008), microsatellite data (Gao & Innan 
2008) and genome-wide SNP assays of both subspecies (Huang et al. 2012a; Molina et al. 
2011). The multiple-origin model proposes that both subspecies were independently 
domesticated from different wild rice populations. This hypothesis was proposed based on 
molecular phylogenetic analyses (Londo et al. 2006; Tang et al. 2006; Zhu & Ge 2005), 
archaeological evidence (Fuller et al. 2010; Higman & Lu 1998; Liu et al. 2007) and 
population genetics analyses of whole genome data (He et al. 2011; Xu et al. 2012). A 
recent study carried out on cultivated and wild rice accessions revealed a specific 
geographical and genetic origin of rice (Huang et al. 2012b). This study proposed than 
japonica was domesticated in southern China (Yangtze valley) and by crossing with 
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O. rufipogon (annual form, also called as O. nivara) gave origin to indica rice in Indochina 
and the Brahmaputra valley. However, a follow up study (Civáň et al. 2015) proposed not 
two but three independent rice domestication events in distinct regions in Asia. Besides 
japonica and indica varieties, they further described an origin of aus group (a variety of 
indica) to be from central India to Bangladesh.  
Because of continuous gene flow and introgressive hybridisation between cultivated 
rice and the wild populations (Chang 1976; Song et al. 2006), it is challenging to study the 
origin of cultivated rice. Moreover, the presence of two genetically divergent cultigens, 
indica and japonica, makes it even more complicated. 
2.2.3 Phylogeny of genus Oryza 
A good understanding of the phylogenetic relationships between rice species is essential 
for improving the use of rice genomic and genetic resources. It is important for effective 
utilisation of wild rice as germplasm in rice improvement and production. Moreover, it 
provides a basis for breeding programmes and comparative genomics studies. Also, it 
plays a significant role in rice conservation. 
Rice phylogeny has been widely analysed. The methods that have been used 
include analysis of morphological traits (Morishima & Oka 1960), isozymes (1996) and 
numerous molecular markers, i.e. Inter-simple Sequence Repeat [ISSR; Joshi et al. 
(2000)], SSR (Ren et al. 2003), Amplified Fragment Length Polymorphism [AFLP; 
Aggarwal et al. (1999)], Restriction Fragment Length Polymorphism [RLFP; Sun et al. 
(2001)] and Random Amplified Polymorphic DNA [RAPD; Martin et al. (1997)]. 
Recent advances in DNA sequencing have improved the phylogenetic 
reconstruction of the genus Oryza and other plant species. Formerly, phylogenetic 
analysis in rice was based on single chloroplast genes [e.g. matK gene; Ge et al. (2002)], 
combined chloroplast, mitochondria and nuclear genes (Guo & Ge 2005) or pooled 
chloroplast fragments from different regions [coding genes, intergenic regions and introns; 
Tang et al. (2010)]. Additionally, DNA fragments of chloroplast and nuclear origins were 
used to investigate the phylogeny of tetraploid genome species (Bao & Ge 2004). In other 
study, in order to completely resolve phylogenetic relationships between diploid species of 
Oryza, 142 single copy nuclear genes were used (Zou et al. 2008). The findings showed 
that tree reconstruction can be enhanced by adding more data and using appropriate 
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phylogenetic approaches. Phylogeny of Oryza genomes is currently well determined 
(Figure 2.2). 
However, the phylogenetic relationship between AA genome species is more 
challenging. In one approach introns from genomic genes were sequenced and used for 
phylogeny reconstruction (Zhu & Ge 2005). In another, DNA fragments from the 
chloroplast, mitochondria and nucleus were used, which improved the resolution of the 
phylogenetic tree but did not unambiguously resolve the topology (Duan et al. 2007). 
Nevertheless, it showed the limitation of using only a small number of DNA fragments for 
phylogenetic reconstruction.  
All these approaches have limitations and are not able to fully resolve tree 
topologies between closely related species. The main constraint is the relatively low 
number of DNA sequences used, which therefore limits the number of discovered genetic 
variations, resulting in low genetic resolution and great disparity between results (Duan et 
al. 2007).  
 
 
Figure 2.2 Phylogenetic relationship of Oryza genomes. Dashes lines (- - -) specify putative origins of polyploid species; 
black circles (●) specify putative maternal parents and white circles (○) specify unidentified genomes. Adapted from 
Goicoechea et al. 2010. 
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One of the most recent approaches was to use the full chloroplast sequence from 
several Oryza AA genome species (from Australia and Asia) to improve genetic resolution. 
Results also confirmed the distinctness of Asian and Australian wild rice relatives (Nock et 
al. 2011; Waters et al. 2012). This approach proved to be valid for phylogeny of closely 
related species and was subsequently used to resolve the entire AA genome rice species 
tree with addition of African and South American species (Wambugu et al. 2015). 
 
 
Figure 2.3 Relationship between chloroplast genomes of Oryza AA genome species. Modified from Wambugu et al. 
(2015). 
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In yet another study, 10 Oryza reference genomes (including eight from AA genome 
group) were used to reconstruct the phylogeny of wild rice species [Figure 2.4; Stein et al. 
(personal communication)]. However, the tree topology differed from the one inferred using 
chloroplast sequences and it did not include the newly characterised Australian wild rice 
populations (Taxon A and Taxon B). 
 
 
Figure 2.4 Relationship between genomes of Oryza AA genome species and the outgroup species L. perrieri (Stein et 
al., personal communication). 
 
2.3 Genomics and sequencing-based studies in rice 
Draft genomes of O. sativa spp. japonica and O. sativa spp. indica were published in 2002 
(Goff et al. 2002; Yu et al. 2002). The completed O. sativa spp. japonica var. Nipponbare 
reference genome was released in 2004 (International Rice Genome Sequencing Project 
2005) and this high quality map-based rice genome revolutionised the field of rice 
research. It has been important for the crop’s basic biology, as well as its improvement. 
The reference rice genome has had advantages not only for rice genomics but also for 
other major cereal crops, i.e. maize, wheat, barley and sorghum. It has facilitated 
identification of variations in different rice species and the search for important agronomic 
traits [e.g. Doi et al. (2008); Yamamoto et al. (2009)]. The reference genome has become 
a tool for investigating rice evolution, the domestication process and genome organisation 
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(Wing et al. 2005). It also has allowed SNPs screening in different rice cultivars to analyse 
genotypic and phenotypic diversity (McNally et al. 2009). Moreover, it has started GWAS 
in rice that focuses on identifying genetic variants and their implications for agronomic 
traits (Huang et al. 2010). Additionally, having a reference genome allows comparative 
analysis between rice cultivars and wild relatives. Also it provides the basis for discovery of 
new genes, above all those that are of agronomic significance. Since the release of the 
rice reference genome there have been various improvements in the sequence (Ouyang et 
al. 2007; Zhou et al. 2007) and in the latest O. sativa assembly [Os-Nipponbare-
Reference-IRGSP-1.0 (IRGSP_MSU.v7)] a total of 37,872 loci were annotated, including 
33,276 protein coding and 2,191 non-protein coding loci (Kawahara et al. 2013). 
Additionally, 2,405 loci were predicted ab initio. This reference genome is considered to be 
of very high quality, along with the Arabidopsis thaliana genome, with only a few gaps left 
at the centromere regions and even fewer in the euchromatin. 
Some of the primary features described in the rice genome were (1) a high number 
of repetitive elements, mostly transposable elements, (2) paralogous sequences which are 
present probable due to ancestral genome duplication and (3) high diversity in sequence 
between varieties and highly polymorphic regions in the genomes. 
Also the organelle DNA sequence has been reported form various rice species, 
both chloroplast (Hiratsuka et al. 1989; Masood et al. 2004; Tang et al. 2004; Waters et al. 
2012) and mitochondria sequences (Fujii et al. 2010; Notsu et al. 2002; Tian et al. 2006). 
2.3.1 Sequencing of wild rice species 
Rice is the first crop for which two cultivated subspecies were sequenced, as well as 
numerous wild relatives and the sequencing of other species is in progress. The 
development and improvement of next-generation sequencing has allowed the 
sequencing, re-sequencing and assembly of other rice genomes at lower cost, higher 
depth and high throughput.  
The Oryza Map Alignment Project was established in 2003 (Wing et al. 2005) with 
objectives to (1) generate reference sequences for all AA genome rice species and for one 
species of other genome groups, (2) create and analyse advanced backcross (ABC), 
chromosome segment substitution lines (CSSL) and recombinant inbred lines (RIL) 
populations for species with AA genome group for breeding purposes and (3) identify new 
collections of wild Oryza relatives for studies on development, population, preservation 
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and diversity within the entire genus. Owing to its great importance for modern rice 
breeding, it has become an international initiative called I-OMAP – International Oryza 
Map Alignment Project (Jacquemin et al. 2013). The species sequenced by I-OMAP are 
shown in Table 2.2. 
New reference rice genomes give a great opportunity for comparative genomics 
within the genus Oryza. Because of great diversity among rice species, one reference 
genome for the genus Oryza is insufficient. The main objectives of having more rice 
reference sequences are (1) facilitating MAS in breeding programmes, (2) finding new 
valuable wild alleles with agronomic significance and (3) studying the evolution of the 
entire genus. 
 
Table 2.2 Wild Oryza sequencing status as of July 2016. 
Species Genome group Assembly size (Mb) Status 
O. australiensis EE - in progress 
O. barthii AA 308 completed, unpublished 
O. brachyantha FF 261 completed  
O. eichingeri CC - in progress 
O. glaberrima AA 285 completed 
O. glumaepatula AA 373 completed, unpublished 
O. granulata GG - in progress 
O. longistaminata AA - in progress 
O. meridionalis AA 336 completed, unpublished 
O. nivara AA 338 completed, unpublished 
O. officinalis CC - in progress 
O. punctata BB 394 completed, unpublished 
O. rhizomatis CC - in progress 
O. rufipogon AA 338 completed, unpublished 
 
2.4 Australian Oryza 
2.4.1 Introduction 
Four wild rice species of Oryza have been found in Australia: O. australiensis, 
O. meridionalis and O. rufipogon that are native to Northern Australia, and O. officinalis 
that has been observed in only two places in Australia (Table 2.3). Very recently two 
distinct groups of wild rice have been discovered in northern Queensland (Sotowa et al. 
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2013). Both of them exhibit a perennial life history and belong to the AA genome group. 
Here they are referred to as Taxon A and Taxon B (Table 2.3). They could be a new 
Australian wild rice species and represent a novel gene reservoir in rice. 
Australian wild rice relatives are a potentially important source of valuable traits for 
improvement of domesticated rice. In Asia, cultivated rice, Oryza sativa L., has grown in 
close proximity to wild species for a long time with great potential for gene flow and 
continuous hybridization between them (Sweeney & McCouch 2007). On the contrary, rice 
seeds were brought to Australia around 1850 and the first record of rice cultivation is from 
1906 in South Eastern Australia (Ricegrowers’ Association of Australia). Nowadays, it is 
grown in the Murrumbidgee, Coleambally and Murray Valley areas in Victoria and southern 
New South Wales (Figure 2.5), whereas wild rice populations are almost exclusively found 
in tropical regions of Australia, and are thereby geographically (and genetically) isolated 
from the cultigens. Additionally, there was no cultivation and domestication pressure for 
selection and dispersal of tropical species. As a consequence, it is suspected that 
Australian Oryza species may possibly provide valuable information about the biology and 
genetics of rice preceding its domestication (Henry et al. 2010).  
 
Table 2.3 Australian Oryza species, their life histories, genome groups and distributions. 
Species Life 
history 
Genome 
group 
Distribution 
O. australiensis 
Domin. 
perennial EE Northern Queensland, Northern Territory and Western 
Australia 
O. meridionalis Ng annual AA Northern Queensland, Northern Territory and Western 
Australia, Papua New Guinea 
O. officinalis Wall ex 
Watt 
perennial CC South and Southeast Asia, Papua New Guinea, Moa 
Island and Gove Peninsula (Australia) 
O. rufipogon Griff. perennial AA South and Southeast Asia, Northern Queensland, 
Northern Territory and Western Australia 
Taxon A perennial AA Northern Queensland 
Taxon B perennial AA Northern Queensland 
 
However, these populations have not been well studied yet and only limited 
collections of Australian rice species are available. Neither of these species has been used 
extensively in rice breeding programmes. There is an exigent need for better 
understanding, characterisation and exploitation of these wild relatives, as well as 
conservation of wild rice populations and their habitats.  
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Figure 2.5 Rice growing regions in Australia (adopted from Ricegrowers’ Association of Australia). 
 
2.4.2 Revision of Oryza species in Australia 
Oryza australiensis 
Oryza australiensis Dom. is a perennial tall plant (>2 m) growing in tufts (Duistermaat 
1987). Panicles are open; spikelets are 6-9 mm long and 2-3.2 mm wide; awns are 0.6-4.4 
mm long. Anthers are 3.5-5.5 mm long and brown, and stigmas are white or yellow. It is a 
diploid species belonging to the E genome group (EE) with chromosome number 2x = 2n = 
24. 
This species has been reported only from Australia (northern Queensland, Northern 
Territory and Western Australia) and is endemic to these regions (Figure 2.6). 
O. australiensis grows in black and red loamy soil and clay, usually in open habitats. It is 
found in low undulating plains of Eucalyptus and Leptochloa or box woodland with a 
grassy ground layer. O. australiensis also found in wet places such as ponds, the edges of 
lagoons, seasonally dry swamps, muddy streams, or behind river levees. It survives dry 
season as rhizomes or seeds. 
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Figure 2.6 Distribution of Oryza species in Australia. Maps adopted from National Australian Herbarium. 
 
Oryza rufipogon 
Oryza rufipogon Griff. is a perennial plant growing in dense clumps (Duistermaat 1987). 
Plant height varies depending on the depth of the water and can reach between 1-5 m. 
Panicles are open; spikelets are usually 4.5-10.6 mm long and 1.6-3.5 mm wide and hairy. 
Anthers are 3.5-7.4 mm long, brown or yellow and stigmas are brown or dark purple. Awns 
are also very variable with lengths from 40 up to 100 mm long. It is a diploid species 
belonging to A genome group (AA) with chromosome number 2x = 2n = 24.  
Besides its distribution in Australia (northern Queensland, Northern Territory and 
Western Australia; Figure 2.6), O. rufipogon is found in south and southeast Asia, and 
Papua New Guinea. It grows in moist clay, loam and black soil, usually in full sun. This 
species can be found in swampy habitats like marshes, open ditches, swamps, 
grasslands, ponds, billabongs, pools along river banks, at the edges of lakes, and in or at 
the margins of rice fields. The water depth preferences are between 0.2-4 m (Duistermaat 
1987).  
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Oryza meridionalis 
Oryza meridionalis Ng is an annual plant sometimes growing in small tufts (Duistermaat 
1987). Plant height is usually 1-2 m. Panicles are compact; spikelets are typically 7.2-
9.6 mm long and 2-2.8 mm wide. Anthers are 1.5-2.5 mm long and yellow and stigmas are 
dark purple. This species has strong awns about 70-130 mm in length. It is a diploid 
species belonging to the A genome group (AA) with chromosome number 2x = 2n = 24.  
Oryza meridionalis is distributed mainly in Australia (northern Queensland, the 
Northern Territory and Western Australia; Figure 2.6) and Papua New Guinea. It grows in 
black and clay soils on moist ground, usually in open habitats. Oryza meridionalis can be 
found at the edges of swamps, temporary ponds and pools (Figure 2.7), lagoons, and 
rivers in shallow water up to 20 cm deep. It survives during the dry season as a seed.  
Oryza officinalis 
Oryza officinalis Wall ex Watt is a perennial plant, erect and usually of variable height. 
Panicles are open; spikelets 4.3-8.8 mm long and 2-3.3 mm wide; anthers around 1.5-
4.5 mm long. It is a diploid species belonging to C genome group (CC) with chromosome 
number 2x = 2n = 24.  
This species is widely distributed in South and Southeast Asia and Papua New 
Guinea, whereas in Australia it has so far been found only in two locations (Moa Island 
and Gove Peninsula; Figure 2.6). It grows in muddy silt soils or sandy soils on limestone in 
full sun or partial shade. It is found in seasonally wet areas, ditches, swampy and marsh 
places, near small ponds, and at the edges of lakes, streams, or rivers. It is also found in 
forests and on the edge of cultivated rice grounds or fruit and plantain fields. 
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Figure 2.7 Oryza meridionalis growing in a seasonally dry swamp in Northern Queensland. 
 
Taxon A and Taxon B 
Identification of potentially new species was carried out by field observation and molecular 
analysis and distinction was made based on molecular and morphological traits (Sotowa et 
al. 2013). Taxon A was characterised as perennial wild rice, morphologically similar to 
Asian O. rufipogon and classified as rufipogon-type (r-type) by Sotowa et al. (2013). It was 
found in a small swamp in Abattoir Swamp Environmental Park in northern Queensland 
[Jpn1 site in Sotowa et al. (2013)]. It is a diploid plant belonging to the AA rice genome 
group. It was found to carry organellar genomes (chloroplast and mitochondria) of 
O. meridionalis-type and a nuclear genome of O. rufipogon-type. Anthers of Taxon A are 
long (5.02 mm) and are similar in length to O. rufipogon. Awns are shorter however (7.60 ± 
0.86 mm). 
Taxon B was characterised as perennial wild rice morphologically similar to 
Australian annual O. meridionalis and classified as meridionalis-type (m-type) by Sotowa 
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et al. (2013). It was collected from a small pond near Laura in Northern Queensland [Jpn2 
site in Sotowa et al. (2013)]. It is a diploid plant belonging to the AA rice genome group. It 
was found to carry both organellar genomes (chloroplast and mitochondria) and nuclear 
genome of O. meridionalis-type. The characteristic features of Taxon B are large spikelet 
size, lemma size (9.14 ± 0.53 mm), large awn size (10.23 ± 0.55 mm), and a higher 
number of spikelets per panicle (70 ± 14.4) than in Taxon A. The anther is shorter than in 
Taxon A. In Asia, the annual form of perennial O. rufipogon has been well known and is 
referred to as O. nivara (Sharma 2003). However, this form has not been observed in 
Australia and the unique annual Oryza species found is O. meridionalis. According to 
Sotowa et al. (2013), Taxon B is a possible perennial from of O. meridionalis that is also 
distinct from O. rufipogon. 
Phylogenetic studies carried on new Australian perennial accessions placed Taxon 
A closer to O. rufipogon and Taxon B to O. meridionalis (Sotowa et al. 2013). However, 
this analysis was based on seven SSR loci from nuclear genomes of the two species. In 
order to increase the phylogenetic resolution, a higher number of DNA fragments and 
longer sequences should be used. Phylogenetic reconstruction based on full chloroplast 
genomes was demonstrated to improve accuracy of plant identification (Nock et al. 2011), 
including the genus Oryza (Waters et al. 2012). Moreover, this approach can also be used 
to confirm the origin of the plastids in both species. Similarly, comparison on the whole 
genome level between Taxon A and Taxon B, as well as other Oryza species gives more 
insight into their origin, diversification and evolution.  
2.4.3 Genomics of Australian Oryza species 
The International Oryza Map Alignment Project [I-OMAP; Jacquemin et al. (2013)], which 
was established with a goal of characterising the rice genomes, includes four species 
found in Australia, namely O. australiensis, O. officinalis, O. rufipogon and O. meridionalis 
(Table 2.4). 
Although four of Oryza species found in Australia were included in I-OMAP only two 
of them have been sourced from Australia (Table 2.4) and only one rice species 
(O. meridionalis) is within the AA genome group. The recent identification of two new wild 
rice relatives (Sotowa et al. 2013) shows the need to incorporate more Australian rice 
accessions into sequencing projects. It is likely that O. rufipogon sequenced by I-OMAP 
will not be of much use as a reference genome sequence for Australian perennial rice 
populations. 
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Table 2.4 Reference genome sequencing project of Oryza species found in Australia (as of July 2016). 
Species Country of origin Genome group Assembly size (Mb) Status 
O. australiensis Australia EE - in progress 
O. meridionalis Australia AA 336 completed, unpublished 
O. officinalis Thailand CC - in progress 
O. rufipogon Vietnam AA 338 completed, unpublished 
 
2.4.4 Utilization  
Abiotic and biotic resistance traits have been reported in Australian Oryza species. 
Resistance genes for bacterial blight and brown plant hopper were described in 
O. australiensis, such as bph10 and bph18 (Ishii et al. 1994; Jena et al. 2006). Moreover 
the latter was introduced into cultivated rice (Jena et al. 2006). Oryza australiensis also 
contains the blast resistance gene (Pi40) which was introgressed into breeding lines 
(Jeung et al. 2007; Suh et al. 2009). Among abiotic stresses, drought avoidance and 
tolerance to heat and drought were recognised in this species, as well as in 
O. meridionalis (Sundaramoorthi et al. 2009; Zhang & Wing (eds.) 2013). Chromosomal 
segment introgression lines have been established for O. meridionalis (Yoshimura et al. 
2010), allowing introduction of useful genes and creating plants with different ploidy and 
genome compositions (Khush 1997). Oryza officinalis has been found to be resistant to 
bacterial blight, white-backed plant hopper and brown plant hopper (Brar & Khush 1997), 
as well as to thrips, green and white leaf hoppers, and stem rots (Zhang & Wing (eds.) 
2013). Moreover, tolerance to heat has been demonstrated in this species. Numerous 
agronomically important loci have been revealed in O. rufipogon including resistance to 
bacterial blight, blast, brown plant hopper and tungro virus (Brar & Khush 1997). 
Oryza rufipogon populations have been also found to be moderately tolerant to sheath 
blight as well as abiotic stresses such as acid sulphate soils, high aluminium levels, 
phosphorous deficiency and have been shown to have increased elongation under deep 
water (Nguyen et al. 2003; Ram et al. 2007; Zhang & Wing (eds.) 2013). This species is 
also a source of cytoplasmic male sterility. Breeders are particularly interested in 
O. rufipogon because of its yield-enhancing traits. Nearly isogenic lines (NILs) derived 
from a cross of O. rufipogon and O. sativa and high-resolution physical mapping revealed 
a cluster of yield-enhancing QTLs derived from O. rufipogon introgressions (Xie et al. 
2008). 
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Whole grains of Australian wild rice varieties may be consumed (Kasem et al. 
2010). O. meridionalis, O. australiensis and O. rufipogon have great commercial potential. 
Oryza officinalis has moderate commercial potential in terms of grain size, shape and 
colour. The morphology of Australian wild rice grains are similar to cultivated O. sativa. 
Both Taxon A and Taxon B grains exhibit physical characteristics that are in a similar 
scope as those of cultivated rice (Tikapunya et al. 2016). There is still a need for complete 
physiochemical analysis of grains to reveal their nutritional potential as a whole grain food.  
New Australian wild rice populations (Taxon A and Taxon B) may have great 
potential as a source of novel allelic variation and genetic diversity in rice. There is also a 
high probability that more new wild rice species may be found in tropical Australia. 
Therefore, it is crucial for future rice improvement programmes to better understand their 
potential as a source of desirable genes and traits, as well as creating novel collections of 
rice genetic resources.  
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The following chapter was published as: Brozynska M, Furtado A and Henry RJ (2014) 
Direct Chloroplast Sequencing: Comparison of Sequencing Platforms and Analysis Tools 
for Whole Chloroplast Barcoding. PLoS ONE 9:e110387. 
My contribution to this study was as follows: performance of the experiments 
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The sequencing data for Oryza sativa ssp. japonica var. Nipponbare was provided 
by Dr Catherine Nock from Southern Cross Plant Science, Southern Cross University, 
Lismore, NSW, Australia. These data consisted of Illumina reads (36 bp paired end) 
generated on the GAIIx sequencer.  
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Chapter 3  
 
 
Direct chloroplast sequencing: comparison of sequencing platforms 
and analysis tools for whole chloroplast barcoding  
 
 
 
3.1 Abstract  
Direct sequencing of total plant DNA using next generation sequencing technologies 
generates a whole chloroplast genome sequence that has the potential to provide a 
barcode for use in plant and food identification. Advances in DNA sequencing platforms 
may make this an attractive approach for routine plant identification. The HiSeq (Illumina) 
and Ion Torrent (Life Technology) sequencing platforms were used to sequence total DNA 
from rice to identify polymorphisms in the whole chloroplast genome sequence of a wild 
rice plant relative to cultivated rice (var. Nipponbare). Consensus chloroplast sequences 
were produced by mapping sequence reads to the reference rice chloroplast genome or by 
de novo assembly and mapping of the resulting contigs to the reference sequence. A total 
of 122 polymorphisms (SNPs and indels) between the wild and cultivated rice chloroplasts 
were predicted by these different sequencing and analysis methods. Of these, a total of 
102 polymorphisms including 90 SNPs were predicted by both platforms. Indels were more 
variable with different sequencing methods, with almost all discrepancies found in 
homopolymers. The Ion Torrent platform gave no apparent false SNP but was less reliable 
for indels. The methods should be suitable for routine barcoding using appropriate 
combinations of sequencing platform and data analysis. 
3.2 Introduction  
A universal plant barcoding method based upon sequencing a specific gene or 
combination of specific genes has proven elusive. Analysis of different plant groups has 
required the use of different genetic loci. The emergence of next generation sequencing 
(NGS) technology allowing whole chloroplast genomic DNA sequencing has provided the 
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opportunity to use the whole chloroplast genome sequence as a barcode (Straub et al. 
2012). The chloroplast has unique features found in all green plants, conserved sufficiently 
to be readily aligned for comparison of different samples and large enough to contain 
variation, which allow species or sub-species distinction across the seed plants (Parks et 
al. 2009). Analysis of complex mixtures of plants has applications in many ecological 
studies (Taberlet et al. 2012).  
A generic method for rapid and cost effective DNA-based identification of plants at 
this level (species or sub-species) will find wide application in industry and research 
(Henry 2001; Henry 2013). Industrial applications will include the identification of plant 
components in whole and processed foods and the management of food processing to 
ensure food safety and authenticity of labelling (Galimberti et al. 2013). This will 
complement the use of next generation sequencing to screen for the presence of 
pathogenic microbes (Diaz-Sanchez et al. 2013). Protection of intellectual property rights 
associated with plant varieties will also be simplified by a standard approach to plant 
identification. These tools will also support protection of biosecurity and management of 
wild plant populations of rare or threatened plants.  
Early analysis relied on either specific amplification of the chloroplast genome or 
separation of chloroplasts from nuclear and mitochondrial DNA before chloroplast DNA 
isolation and sequencing the amplified or cloned product derived from PCR amplification 
(Jansen et al. 2005). However, the universal amplification of chloroplast sequences from 
all species has proven difficult and chloroplast purification is laborious and not perfect 
(Cronn et al. 2008; Lang & Burger 2007). Recently a simple approach involving NGS of a 
total genomic DNA preparation was proposed (Nock et al. 2011). This method relies on 
successful extraction of chloroplast genome sequence reads from total genomic DNA 
reads and their assembly to form a consensus sequence for the sample that can be used 
as a barcode. Reference-guided mapping of sequence reads and de novo assembly have 
been used to generate these whole chloroplast barcodes (McPherson et al. 2013).  
DNA sequencing platforms differ in their throughput and accuracy (Loman et al. 
2012). Accuracy of a DNA sequence assembled using NGS reads is dependent on the 
read length, sequencing depth, sequence coverage or width and evenness of coverage 
but also on the accuracy of the sequencing platform and the assembly and analysis 
pipeline (Sims et al. 2014). We compared two different sequencing technologies, the 
Illumina platform that uses sequencing-by-syntheses (SBS) chemistry and the Ion Torrent 
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that is based on semiconductor sequencing technology. Sequencing on both platforms 
commences with library preparation, which involves fragmentation of total genomic DNA, 
purifying to uniform and desired fragment size and ligation to sequencing adapters specific 
to the platform. In Illumina systems, the fragments are subsequently denatured and fixed 
on the surface of a proprietary glass flowcell, followed by solid-phase amplification (bridge 
amplification). As a result, clusters are created that contain clonally amplified DNA 
templates. Next, the clusters are sequenced in parallel using four fluorescently labelled 
nucleotides with reversible dye terminators. After every sequencing cycle and base 
incorporation to the template the polymerization terminates, a charge-coupled device 
(CCD) captures the fluorescent signal and identifies the base. After the base call the dye is 
cleaved and the sequencing process continues. This technology was first implemented in 
an instrument called Genome Analyzer (GA) with subsequent releases of improved series 
up to GAIIx. The next major system launched by Illumina was the HiSeq2000 with 
improved output and read length. Data from both GAIIx and HiSeq was used in the current 
study.  
In Ion Torrent systems, the prepared libraries are immobilized to beads and 
amplified using emulsion PCR that takes place within microdroplets of aqueous solution 
and oil (Rothberg et al. 2011). During the sequencing, individual bases are incorporated by 
the action of a DNA polymerase. As a result of this reaction, a proton is released and the 
resulting change in pH is measured. The reaction occurs in a proprietary chip, which acts 
as a pH meter. Unlike Illumina, this system does not use fluorescent dyes and light 
detection, shortening the sequencing time. The Ion Torrent instrument used in the study 
was a Personal Genome Machine (PGM).  
We examined the reliability of these two different sequencing platforms coupled with 
different data analysis approaches when applied to obtaining the chloroplast consensus 
sequences of a wild rice genotype and a cultivated rice genotype. Although the Ion Torrent 
platform is widely used for sequencing and limited published data is available on its 
application for transcript (Lee et al. 2013) and amplicon (Hartwig et al. 2012) sequencing in 
plants, it has not previously been applied to plant genomic DNA analysis. The most 
common applications of the Ion Torrent system have been to small genomes (bacterial 
samples) and targeted sequencing of amplicons or transcripts, whereas the Illumina has 
been widely used for applications including whole human genome re-sequencing, de novo 
plant and animal genome sequencing, exome, transcriptome (RNA-Seq) and 
metagenomics investigations. The chloroplast genome represents a specific sequencing 
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challenge with the presence of an inverted repeat. This study compares total DNA 
sequencing with the Illumina and Ion Torrent platforms and options for analysis of the 
sequences generated to produce a whole chloroplast genome sequence as a barcode for 
plant identification. Whole genome NGS was carried out on two rice genotypes: Oryza 
sativa spp. japonica var. Nipponbare referred to here as the reference-rice-genotype (R-
rice-genotype) as its chloroplast sequence (reference-sequence) is publicly available and 
an Australian wild rice genotype sample (W-rice-genotype). 
3.3 Materials and Methods  
3.3.1 Plant materials  
Seeds of rice (Oryza sativa var. Nipponbare), referred to as reference-rice-genotype (R-
rice-genotype), were germinated and entire seedlings were used for DNA extraction. Leaf 
tissue from a wild rice plant, referred to as wild-rice-genotype (W-rice-genotype) collected 
from a field containing a population of perennial wild rice (Oryza rufipogon-like) at Abattoir 
Creek in North Queensland, was used for DNA extraction (Sotowa et al. 2013).  
3.3.2 DNA extraction  
DNA from leaf tissue of the W-rice-genotype was extracted using modification of the CTAB 
method (Furtado 2014). DNA from seedlings of the R-rice-genotype was extracted as 
described for the W-rice-genotype but with further purification as described by (Nock et al. 
2011). 
3.3.3  Sequencing  
The Illumina and the Ion Torrent sequencing platforms were used for the shotgun 
sequencing of total genomic DNA of both rice samples. The wild rice sample was 
sequenced on the Ion Torrent (200 bp reads) and the Illumina HiSeq platform (100 bp 
paired end reads). The cultivated rice genotype was subjected to sequencing using the Ion 
Torrent (200 bp reads) platform, while Illumina reads (36 bp paired end), generated on the 
GAIIx, were sourced from available archived data (Nock et al. 2011). Sequencing on the 
Illumina HiSeq 2000 (Illumina, San Diego, CA, USA), to generate 100 bp paired end reads 
with an average library insert size of 500-600 bp, was outsourced to the Australian 
Genome Research Facility (AGRF, Melbourne, Australia). For sequencing using the Ion 
Torrent platform, genomic DNA was sheared using the Covaris S220 instrument 
(www.covarisinc.com) and used for preparing sequencing libraries according to the 
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standard Ion Torrent PGM protocol. The resulting individual DNA libraries were quality 
checked and quantified on the Agilent 2100 Bioanalyzer using the High Sensitivity DNA kit 
(Agilent). Following template amplification and enrichment on the Ion OneTouch2 (Ion 
OneTouch 200 Template Kit v2; #4478316) and OneTouch2 ES instruments, each sample 
was loaded onto one PGM #318 chip and sequenced using Ion PGM Sequencing 200 Kit 
v.2 (#4482006) according to manufacturer’s protocol.  
3.3.4 Data analysis – consensus  
Raw reads from both sequencing platforms, PGM Ion Torrent and Illumina, were imported 
to CLC Genomics Workbench 6.0 (CLC-GW; www.clcbio.com) and read statistics 
assessed using sequencing data quality control, followed by read trimming for quality, 
length and presence of ambiguous bases. Ion Torrent reads were trimmed with the quality 
score limit set to 0.05 (which corresponded to Phred quality value > 15) and a minimum 
read length of 30 bp. Reads from both Illumina platforms, GAIIx and HiSeq, were trimmed 
with a quality score limit of 0.01 (which corresponded to Phred > 22) and the same 
minimum read length of 30 bp. Ion Torrent data was trimmed at a slightly lower quality 
value due to the lower average quality compared to the Illumina reads (Table 3.1; avg. 
Phred for Ion Torrent reads: 25 and 26, and avg. Phred for Illumina: 29 and 32). The 
Illumina HiSeq platform generates sequencing data fifty to sixty times more in order of 
magnitude as compared to the Ion Torrent data. Thus, in order to compare Ion Torrent and 
Illumina HiSeq platforms at similar coverage, a subset of HiSeq Illumina reads for the wild 
rice sample and matching the Ion Torrent read numbers for that same sample, was 
randomly extracted from the whole reads set. Ion Torrent raw reads were also alternatively 
trimmed using the Torrent Suite Software version 3.6 using default analysis settings with 
the following modifications: the quality-based trimming of the sequencing reads was 
adjusted to predicted-Phred-score 17 over the sliding window of 20 bp (default values 15, 
and 30, respectively) and the minimal length filter for reported reads was set to 20 (default 
8).  
Consensus sequence generation using the mapping tool was carried out as follows. 
The CLC-GW was used to map trimmed reads to the chloroplast genome sequence of 
Oryza sativa spp. japonica var. Nipponbare (GenBank accession: GU592207) used as the 
reference-sequence. The mapping process involved the following parameters: mismatch 
cost 2, insertion cost 3, deletion cost 3, length fraction 0.9, similarity fraction 0.9, and 
global alignment setting. Non-specific matches were also mapped randomly to the 
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reference genome. Consensus sequences were extracted from all mapping runs giving 
five sequences in total; two consensus sequences for O. sativa Nipponbare each derived 
from the Illumina GAIIx reads and the Ion Torrent reads, and three consensus sequences 
for the wild rice sample each derived from the Illumina HiSeq sequence reads, Illumina 
HiSeq sequence subset-reads and the Ion Torrent reads. Conflicts between reads were 
resolved by voting for the majority of the reads at the given position. Consensus sequence 
were aligned to the reference sequence and analysed for SNPs and indels.  
Consensus sequence generation using the assembly tool was carried out as follows 
using both the CLC-GW and the Torrent Suite Software. The CLC trimmed reads from 
both platforms were assembled in CLC-GW using the de novo assembly tool with the 
following parameters: automatic word and bubble sizes with 200 bp for minimum contig 
length. Moreover the reads were mapped back to contigs (mismatch cost 2, insertion cost 
3, deletion cost 3, length fraction 0.9, and similarity fraction 0.9) and contigs were updated 
based on the results. The trimmed Ion Torrent reads were also assembled in the Torrent 
Suite Software using the Assembler plugin v.3.4.2 utilizing the MIRA assembly algorithm 
(http://sourceforge.net/projects/mira-assembler/). The assembly was performed in the 
reference-assisted mode using the reference-sequence. All contigs generated were 
aligned to the reference-sequence using NUCmer alignment generator from MUMmer 
package (Kurtz et al. 2004). Owing to the chloroplast genome structure (two long inverted 
repeats) the option to use all matches regardless of the uniqueness was enabled in the 
script. All other parameters were left as default. Based on the MUMmer output the longest 
contigs with the best mapping results (query coverage, precent identity and alignment 
length) were chosen as scaffolds and manually joined together by overlapping the 
remaining short contigs. In cases when there were not enough contigs to reconstruct the 
chloroplast genome sequence, de novo assembly was repeated with different parameter 
for word size in the CLC-GW and subjected again to the alignment tool. Consensus 
sequences from contigs mapping and joining were also screened for SNPs and indels 
based on the reference-sequence.  
3.3.5 Data analysis – variant detection  
The consensus sequences generated by both mapping and de novo assembly of the 
reads were imported into Geneious 6.1.6 (www.geneious.com) and each of them was 
separately mapped to reference-sequence. To generate the alignments the Geneious Map 
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to Reference tool was used with the default parameters. Subsequently the alignments 
were screened to find variations/ SNPs using the tool available in Geneious package.  
3.3.6 Validation of the most probable variant  
The wild rice chloroplast consensus sequences derived from reads mapping from Illumina 
and Ion Torrent platforms were aligned and scanned for SNPs and indels (as described 
above). If a variant was found in one consensus but was not present in the other it was 
reported as a discrepancy and closely studied. To confirm which of the disagreeing 
variants was more likely to be true the following procedure was adopted: (1) visual 
investigation of mapping results in CLC-GW and (2) aligning the conflicting regions from 
mapping derived consensus with contig sequences originating from de novo assemblies.  
3.3.7 Data deposition  
The chloroplast genome for Australian wild rice genotype sample (W-rice-genotype) has 
been deposited in GenBank with the sequence accession number KF428978.  
3.4 Results  
3.4.1 Mapping and de novo assembly of sequence reads  
The CLC Genomics Workbench was used to trim sequence reads from both the Illumina 
and Ion Torrent platforms and then processed, using the mapping and de novo assembly 
mode, to generate a mapping-consensus or de novo consensus chloroplast sequences, 
respectively. The Torrent Suite Software, a dedicated analysis tool for Ion Torrent reads, 
was used to trim sequence reads from the Ion Torrent platform and then processed using 
the reference-guided de novo assembly mode (the only available mode) to generate a 
reference-guided de novo consensus chloroplast sequence. The published chloroplast 
sequence of the R-rice-genotype (Oryza sativa spp. japonica var. Nipponbare) was used 
as a reference chloroplast genome sequence (reference-sequence) for mapping of reads 
or contigs. Sequencing data of the two rice genotypes, generated by both sequencing 
platforms, was of good quality with average Phred scores ranging above 25 (Table 3.1). 
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Table 3.1 Summary statistics of raw reads obtained from PGM Ion Torrent and Illumina platforms for rice (Oryza sativa 
spp. japonica var. Nipponbare) and wild rice (Oryza rufipogon-like plant from Australia). Quality distribution is 
represented as Phred scores. 
 Num. of reads Approach Length distribution 
Length 
avg. 
GC 
avg. 
(%) 
Quality 
distribution 
Quality 
avg. 
Oryza sativa spp. japonica var. Nipponbare 
PGM Ion 
Torrent 6,655,114 
Single 
reads 8-376 204 41.2 8-35 26 
GAIIx 
Illumina 
(Nock et 
al. 2011) 
9,689,084 
(4,844,542 
each pair) 
Paired-end 
reads 36 36 46.3 2-34 29 
Wild rice (Oryza rufipogon-like) 
PGM Ion 
Torrent 5,732,260 
Single 
reads 8-362 189 41.3 6-36 25 
HiSeq 
Illumina 
390,365,066 
(195,182,533 
each pair) 
Paired-end 
reads 100 100 41.5 2-40 32 
 
In case of the R-rice-genotype, CLC trimmed-reads from both sequencing platforms 
mapped to the entire reference-sequence indicating complete reference-sequence 
coverage. However, the mapping-consensus chloroplast sequences varied in length based 
on sequencing platform reads. Similar results were obtained for the W-rice-genotype 
(Table 3.2).  
 
Table 3.2 Mapping statistics of CLC trimmed reads from Illumina and PGM Ion Torrent platforms. 
 
Oryza sativa spp. japonica 
var. Nipponbare 
Wild rice 
(Oryza rufipogon-like) 
 Illumina GAIIx Ion Torrent PGM Illumina HiSeq 
Illumina HiSeq 
subset 
Ion Torrent 
PGM 
Mapped 
reads 
(Forward/ 
Reverse) 
525,452 
(262,567/ 
262,885) 
223,605  
(112,154/ 
111,451) 
12,424,965 
(6,211,497/ 
6,213,468) 
327,403 
(164,024/ 
163,898) 
169,665 
(85,317/ 
84,348) 
% mapped 
reads 5.42 3.39 3.43 3.46 3.17 
Non-
specific 
matches 
(% non-
specific 
matches) 
204,877 
(39.9) 
64,560 
(28.9) 
3,601,138 
(29.0) 
93,502 
(28.5) 
50,521 
(29.8) 
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Non-
perfect 
matches 
(% non-
perfect 
matches) 
18,385 
(3.5) 
164,176 
(73.4) 
1,745,820 
(14.1) 
47,444 
(14.5) 
130,855 
(77.1) 
Min 
coverage 7 96 1,203 75 69 
Max 
coverage 688 534 13,231 360 431 
Average 
coverage 127.7 333.4 8,143.2 218.4 243.6 
% GC 39 39 39 39 39 
Consensus 
length 134,551 134,520 134,531 134,529 134,525 
 
Using the de novo mode in the CLC-GW and reads from both sequencing 
platforms, a number of contigs were generated with a subset of these mapping to the 
reference-sequence (Table 3.3). Similar results were obtained with the Ion Torrent reads 
when using the reference-assisted de novo mode on the Torrent Suite Software (Table 
3.3). For both rice genotypes, contigs, which mapped to the reference-sequence, were 
checked if contiguous/overlapping to generate a de novo consensus sequence. Using the 
de novo mode in the CLC-GW, respective de novo consensus chloroplast sequences were 
generated for the reference-rice-genotype and the wild-rice-genotype but only from their 
respective Ion Torrent reads and not their Illumina reads. Using the reference-assisted de 
novo mode, reference-guided de novo consensus chloroplast sequences were generated 
for both genotypes.  
Thus, all contigs generated from Ion Torrent reads using both assembly algorithms 
(in the CLC-GW and Torrent Suite Software) could be joined together based on their 
position and overlapping information creating full length consensus sequences for the 
chloroplast genome (Table 3.3). Consensus sequences could not be created from contigs 
generated in the CLC-GW from Illumina reads for either of the rice genotypes, possibly 
because of the limitations of read length (Table 3.3). Although these contigs were well 
mapped to the reference, there were gaps between some of them that prevented their 
joining.  
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Table 3.3 Assembly results performed on CLC Genomic Workbench and Torrent Suite Software of reads from Illumina 
and Ion Torrent platforms and mapping results of generated contigs to chloroplast reference-sequence. 
Sequencing 
platform 
Assembly 
method 
Assembly 
tool 
Overall 
number of 
contigs 
Contigs mapped 
to chloroplast 
genomeb 
Contigs chosen to 
create consensus 
sequence 
Oryza sativa spp. japonica var. Nipponbare 
GAIIx Illumina de novo CLC Genomic Workbench 961 25 NA 
PGM Ion 
Torrent de novo 
CLC Genomic 
Workbench 268,869 116 25 
PGM Ion 
Torrent 
reference-
assisted 
Torrent Suite 
Software 213* 34 2 
Wild rice (Oryza rufipogon-like) 
HiSeq Illumina de novo CLC Genomic Workbench 224,756 94 NA 
PGM Ion 
Torrent de novo 
CLC Genomic 
Workbench 227,610 99 19 
PGM Ion 
Torrent 
reference-
assisted 
Torrent Suite 
Software 222
a
 31 2 
NA – not applicable, corresponds to method that could not be used to create consensus sequence because 
of the gaps between contigs and reference genome, detailed description in the text. 
a
 In Torrent Suite Software the assembly was run in the reference-assisted mode using chloroplast reference 
and the number of contigs given corresponds to contigs assembled based on the chloroplast sequence not 
the entire genome. 
b
 Numbers correspond to all contigs mapped to the reference genome by means of MUMmer with default 
parameters and all matches regardless of their uniqueness, duplicated contigs are not reported. 
 
3.4.2 Analysis of reference-rice-genotype  
The mapping-consensus chloroplast genome sequence (134,551 bp) generated by 
mapping the Illumina reads from Nock et al. (2011) to the reference-sequence in the CLC-
GW was, as expected, identical to the reference-sequence (Table 3.4). The mapping-
consensus sequence generated by mapping of the Ion Torrent reads to the reference-
sequence in the CLC-GW was shorter than the reference-sequence by 31 nucleotides with 
no base mismatches, but diverged at 31 positions comprising of 30 deletions and 1 
insertion and where all but one of the polymorphisms were found in homopolymer regions 
of length from 2 to 9 bases. The de novo consensus sequence built by mapping and 
joining the contigs from de novo assembly of Ion Torrent reads (performed in CLC-GW) 
was shorter than the reference-sequence by 48 bp with no base mismatches, but diverged 
at 54 positions comprising of 48 deletions and 6 insertion and where all but two of the 
polymorphisms (indels) were found in homopolymer regions of length from 2 to 17 identical 
bases.  
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Table 3.4 Comparison of chloroplast consensus sequences of the cultivated reference rice genotype (Oryza sativa 
Nipponbare). 
Sequencing 
platform Source 
Sequence 
length (bp) Variants Deletions Insertions Mismatches 
Used available 
reference 
GenBank 
(GU592207) 134,551 - - - - 
Illumina (Nock 
et al. 2011)  
mapping-consensus 
 
134,551 0 0 0 0 
Ion Torrent mapping-consensus 134,520 31 30 1 0 
 
de novo-consensus 
(CLC-GW) 134,503 54 48 6 0 
 
reference-assisted 
de novo-consensus 
(Torrent Suite) 
134,581 50 9 41 0 
 
The reference-guided de novo consensus chloroplast sequence obtained from 
contigs generated in Torrent Suite Software using Ion Torrent reads was longer than the 
reference-sequence by 30 bases with no base mismatches, but diverged at 50 positions 
comprising of 9 deletions and 41 insertions and where all polymorphisms (indels) were 
found in homopolymer regions of length from 2 to 12 identical bases.  
The variants in the mapping-derived consensus sequences generated by the CLC-
GW and using the Illumina or Ion Torrent reads were predominantly deletions, which is in 
contrast to the reference-guided de novo consensus chloroplast sequence generated by 
the Torrent Suite Software using Ion Torrent reads, where the variants were predominantly 
insertions. Overall, 135 variants were detected using these different approaches. Among 
them only 8 were common for all of the methods (the same position, length and type). The 
rest of the variants were either present in two of the approaches or were unique to only 
one of them.  
The analysis of regions in the chloroplast genome where the indels were found in 
the Ion Torrent data (both mapping and assembly consensus) revealed biases in terms of 
polymorphism nature, nucleotide type and location. Data from all approaches were merged 
and duplicated regions were removed. The number of indels that involved C/G bases was 
slightly higher than A/T bases (53 and 44, respectively). It is worth noting that the GC 
content of the chloroplast genome is 39%. Also, more deletions than insertions were 
observed (except for the consensus from the Torrent Suite Software assembly) and the 
majority were of G/C nucleotides in short homopolymeric regions (2-5 bp long with the vast 
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majority of these variants occurring in 3 bp long homopolymer) (Figure 3.1). On the other 
hand, insertions were found mostly in longer homopolymers (5-17 bp long) and involved 
almost only A/T nucleotides.  
 
 
Figure 3.1 Variants in indels in cultivated (var. Nipponbare) rice chloroplast consensus. Sequences generated by 
mapping and assembly of Ion Torrent reads to the available chloroplast sequence in GenBank for this genotype. The 
number of variants is shown with respect to its type (deletion or insertion) and position (the length of homopolymer region 
where the variants were found). 
 
3.4.3 Analysis of wild-rice-genotype  
The reference-sequence was used to generate consensus chloroplast sequences using 
mapping or de novo approaches. For variant analysis, consensus sequences were 
compared to the reference-sequence unless indicated otherwise. The mapping-consensus 
sequence generated by mapping the Illumina reads of the wild rice plant using the CLC-
GW was shorter than the reference-sequence by 20 bases (Table 3.5). In comparison, 
there were 128 variants found between the two sequences, which included 18 deletions, 
13 insertions and 97 mismatches. Among mismatches, 92 were single-nucleotide variants 
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(SNPs) (48 transitions and 44 transversions) and 5 were multi-nucleotide variants (MNVs). 
The mapping-consensus obtained by mapping a subset of Illumina reads differed from the 
previous sequence by one deletion of two bases (Table 3.5); although, this variation was 
not found in the reference-sequence. 
 
Table 3.5 Comparison of chloroplast consensus sequences of the wild rice (Oryza rufipogon-like). 
Sequencing 
platform Source 
Sequence 
length (bp) Variants Deletions Insertions Mismatches 
Used available 
reference 
GenBank 
(GU592207) 134,551 - - - - 
Illumina mapping-consensus 134,531 128 18 13 97 
 
mapping-consensus 
(subset of reads) 134,529 129 19 13 97 
Ion Torrent mapping-consensus 134,525 139 30 14 95 
 
de novo-consensus 
(CLC-GW) 134,521 155 43 17 95 
 
reference-assisted de 
novo-consensus 
(Torrent Suite) 
134,554 147 23 28 96 
 
The consensus sequence generated by mapping Ion Torrent reads of the wild-rice-
genotype using the CLC-GW was shorter than the reference-sequence by 26 bases and 
shorter by 6 bases than the consensus sequence from Illumina sequencing. The two 
sequences differed by 139 variants, which included 30 deletions, 14 insertions and 95 
mismatches. Among the mismatches 90 were SNPs (47 transitions and 43 transversions) 
and 5 were MNVs.  
As was observed for the R-rice-genotype, the de novo consensus sequence 
differed from the reference-sequence at more positions than the mapping-consensus 
sequence (Table 3.4 and Table 3.5). In addition, a higher number of deletions were 
observed in consensus sequences obtained from the CLC-GW analysis as compared to 
the Torrent Suite Software analysis where more insertions were observed (Table 3.4 and 
Table 3.5).  
3.4.4 Comparison of sequencing platforms  
The mapping-consensus chloroplast sequences of the wild-rice-genotype generated in the 
CLC-GW using the Illumina and Ion Torrent reads were used to compare sequence 
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platforms. When comparing variations found in the wild-rice-genotype by both sequencing 
technologies, 20 discrepancies (variant in one consensus not present in the other) were 
observed (Table 3.6). However, in the Ion Torrent consensus sequence there were fifteen 
variants and in the Illumina consensus there were only three. Moreover, two variants found 
at the same position differed in nucleotide composition in both consensus sequences.  
 
Table 3.6 Inconsistent variations found in wild rice chloroplast mapping-consensus sequences and their validation. 
Variations Reference-sequence Mapping-consensus sequence The most probable variant 
No Type Position Allele HiSeq Ion Torrent 
 
#1 MNV 57,036 TT TT AA TT 
#2 ins 65,465^65,466 − − TCCTATTTAATA TTCCTATTTAATA 
#3 MNV 66,897 CGAT TAGA CGAT TAGAAATAAAAAATTCTAA 
#4 SNP 66,902 C A C TAGAAATAAAAAATTCTAA 
#5 SNP 17,366 T A T T 
#6 SNP/del 17,368 C A − − 
#7 ins 3,545^3,546 − AA A − 
#8 del 21,808 C C − C 
#9 del 57,027 T T − T 
#10 del 81,342 G G − G 
#11 del 91,427 C C − C 
#12 del 91,589 C C − C 
#13 del 97,135 G G − G 
#14 del 111,639 G G − G 
#15 del 116,139 C C − C 
#16 del 118,025 C C − C 
#17 del 119,245 G G − G 
#18 del 122,914 C C − C 
#19 del 123,568 G G − G 
#20 del 133,816 C C − C 
Variations derived by Illumina and Ion Torrent sequencing. 
SNP – single-nucleotide variant, MNV – multi-nucleotide variant, ins – insertion, del – deletion. 
 
Read mapping files derived from both mapping-consensus sequences were visually 
inspected to check for reads mapped to all 20 positions to determine sequence read error 
or for mapping error. The region in the Ion Torrent mapping-consensus sequence with the 
substitution of TT → AA (Table 3.6, variant #1) had several mapped reads with many 
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mismatches. Reads from this region when extracted and blasted against the nucleotide 
sequence collection (nr/nt) at NCBI website (http://blast.ncbi.nlm.nih.gov) gave hits to the 
chloroplast but also to the nuclear DNA of Oryza species. In addition, this variant was not 
observed in the corresponding region of the contig sequences obtained from de novo 
assembly (from both analysis software), indicating that the variant was not due to 
sequencing error but due to mapping artefact. Similarly, mapping error and not sequence 
read error was the reason for variants detected at several positions in one or the other 
mapping-consensus sequences (Table 3.6: for #2 see Figure 3.2, for #3 and #4 see Figure 
3.3), as these variants were not observed in the corresponding region of the contig 
sequences obtained from de novo assembly (from both analysis software). One of the 
variants (#7), an insertion of an A in the Ion Torrent consensus and AA in the Illumina 
consensus, was found in a long homopolymer stretch of 10 A’s. The location of the 
variation suggested that in both cases it could be an error. Variations at this position in 
contigs sequences varied from 2 to 3 A’s insertions. This polymorphism was not called in 
the consensus from the subset of Illumina data. Comparison of other chloroplast genomes, 
known to have been sequenced on the Illumina platform [GAIIx; Nock et al. (2011)], 
showed some to have this insertion, namely Australian Oryza rufipogon (GenBank 
accession: JN005833), Asian Oryza rufipogon (GenBank accession: JN005832) and 
Oryza meridionalis (GenBank accession: JN005831). Interestingly, the insertion was not 
present in the chloroplast genome sequence of Oryza sativa spp. japonica var. 
Nipponbare (reference-sequence), Oryza sativa ssp. indica isolate 93-11 (GenBank 
accession: AY522329) and Oryza nivara (GenBank accession: AP006728) that were 
sequenced by Sanger technology. Thus for this variant, we cannot conclude with certainty 
if this discrepancy is due to a mapping artefact or to a read error. However, all other errors 
found in Ion Torrent sequence (Table 3.6, #8 to #20) were not due to mapping errors but 
read errors from either deletions or insertions in homopolymer regions.  
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Figure 3.2 Snapshot of mapping results of wild rice Ion Torrent (A) and Illumina (B) reads. Reads were mapped to the 
chloroplast reference of Oryza sativa var. Nipponbare. In the mapping of Ion Torrent reads there was a long insertion 
(TCCTATTTAATA) reported in the consensus sequence of wild rice chloroplast. (A), marked with orange background 
colour). This insertion was missed in the mapping of Illumina reads, although it was present in the reads. (B), example of 
the read sequence marked in black rectangle). The nucleotides in the insertion were duplicated in wild rice (sequence 
marked in red rectangle), and not in the reference genome where only one copy of these nucleotides was present 
(marked in green rectangle). The duplicated region was a probable cause of the misalignment of reads. Oryza sativa – 
fragment of chloroplast sequence of Oryza sativa spp. japonica var. Nipponbare; Consensus – consensus sequence of 
wild rice chloroplast sequence derived by mapping reads from Illumina (A) and Ion Torrent (B) platforms to the reference. 
Nucleotides with background colours represent the mismatches between reads and the reference sequence; paired end 
reads are shown in blue; single reads are shown in green and red (in forward and reverse orientation, respectively). 
 
Based on the analysis and all the findings using various approaches outlined above, 
an amended wild-rice-genotype chloroplast consensus sequence was created 
incorporating the most probable variants from Table 3.6. To assess the correctness of this 
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amended chloroplast sequence, paired-end reads from Illumina sequencing platform were 
re-mapped to this new wild rice chloroplast genome. Illumina reads as against Ion Torrent 
reads of the W-rice-genotype were selected for remapping as even short Illumina reads 
(36 bases) of the R-rice-genotype provided a consensus matching the reference-sequence 
[Table 3.4; Nock et al. (2011)], as against an inaccurate consensus when Ion Torrent 
reads were used (Table 3.4) due to indel-associated errors. The new mapping results for 
the wild rice show only one discrepancy described earlier (Table 3.6, #7) in a long 
homopolymer region. All other sites were identical giving an additional assurance of the 
correctness of the final consensus.  
 
 
Figure 3.3 Alignment of regions #3 and #4 from Table 3.6 showing discrepancies in consensus sequences. The fragment 
circled in red shows false called SNPs (#3 and #4, Table 3.6, Illumina consensus); these SNPs were incorrect because 
of the long insertion present in wild rice sequence but not in the reference. The fragments circled in green illustrate this 
long insertion found in wild rice chloroplast genome by means of reads assembly from both platforms and both assembly 
tools. Final sequence was created based on this information. Oryza sativa (reference) – region 66860..66940 from 
chloroplast sequence of Oryza sativa spp. japonica var. Nipponbare; Illumina reads mapping and Ion Torrent reads 
mapping – regions from consensus sequence generated by mapping wild rice Illumina and Ion Torrent reads, 
respectively, to the reference sequence; Illumina reads assembly and Ion Torrent reads assembly – regions from contigs 
generated by assembly of reads from Illumina and Ion Torrent platforms, respectively; CLC – assembly performed in 
CLC Genomic Workbench; Suite – assembly performed in Torrent Suite Software; Final consensus – final wild rice 
chloroplast genome sequence (GenBank accession: KF428978). 
 
3.5 Discussion  
Various NGS technologies are now available for the rapid sequencing of whole genomes 
(Ferrarini et al. 2013; Rothberg et al. 2011; Shendure & Ji 2008). The choice of selecting 
one or more NGS technologies depends on the yield of data required, read length 
required, cost per data point and accuracy of the sequence data (Quail et al. 2012). 
Systematic as well as random errors can compromise the use of sequence data (Bragg et 
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al. 2013; Meacham et al. 2011). In this study, we analysed NGS reads of two rice 
genotypes obtained from the Ion Torrent platform and compared it for accuracy to those 
obtained from the Illumina platform. A comparison of the three sequencing systems is 
presented in Table 3.7.  
 
Table 3.7 The comparison between the three sequencing systems utilised in the study. 
 Illumina GAIIx Illumina HiSeq2000 Ion Torrent PGM – 318 
chip 
Sequencing method Synthesis (light detection) Synthesis (light detection) 
Synthesis (proton 
detection) 
Amplification 
method Bridge PCR Bridge PCR Emulsion PCR 
Read lengtha Up to 2 x 150 bp 1 x 50 bp, 2 x 50 bp, 2 x 100 bp ~ 200 bp, ~ 400 bp 
Paired reads yes yes yes 
Insert size Up to 700 bp Up to 700 bp Up to 250 bp 
Output data/run 30 Gb 600 Gb Up to 2 Gb 
Time/runb 10-14 days 8-11 days 4-7 hours 
Cost/Gbc $148 $41 $1000 
Instrument cost $256 K $654 K $80 K 
Accuracy > 99.9% > 99.9% 99% 
Error rated ≤0.1% ≤0.1% ~1% 
Primary errors Substitutions Substitutions Indels 
DNA requirements 0.05-1 µg 0.05-1 µg 0.1-1 µg 
Gb – gigabase, bp – base pair, K – thousand, µg – microgram. 
a
 Annotation ‘2 x’ refers to paired end reads and ‘1 x’ to single reads. 
b
 Run time from minimum to maximum read lengths. 
c
 Includes one sample and one sequencing kit per run. 
d
 Percentage of errors per base in single read. 
 
The Ion PGM is characterised by long read length, very short run times and 
inexpensive consumables (Liu et al. 2012). The drawbacks include low output, high cost 
per gigabase (Gb) of sequence (Quail et al. 2012) and the longer time required for the 
library preparation relative to that required for the sequencing run. Moreover, the PGM 
produces biased sequences from high homopolymer regions, which result in indel errors 
(Bragg et al. 2013). However, this is a developing platform with high potential for 
improvement in accuracy, read length and cost per read and per Gb. As the machine is the 
chip, it can be easily upgraded by the release of new chips. The PGM was the first next-
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generation sequencer with a price that dropped below $100 K. At the time of the study the 
PGM cost was around $80 K, which included the instrument, temple preparation system, 
enrichment system and server. The main advantages of HiSeq2000 system are the high 
throughput, large output data volumes per run and low cost of reagents per Gb (Glenn 
2011). The shortcomings of the platform embrace short read length and the need for 
advanced computational resources to process and store the enormous data volumes 
created from each run. Furthermore, the run time is considerably longer than that for the 
PGM, and the Illumina has a much higher initial capital cost. The specification of the GAIIx 
system was very similar to the HiSeq2000 with smaller output per run, higher cost per Gb 
and significantly lower instrument cost. The sequencing accuracy on both Illumina 
platforms is high with the most commonly encountered errors being substitutions. A wide 
range of Illumina instruments are now available with differing data volumes, running times 
and costs.  
We selected the cultivated rice genotype (var. Nipponbare) as one of the samples 
as its chloroplast sequence, derived by Sanger sequencing and considered as accurate, 
was available and could be used as reference sequence to check for errors in consensus 
sequences derived from NGS sequencing on both platforms. The aim was to generate 
both mapping and de novo consensus sequences to determine read accuracy of both 
platforms.  
We were unable to obtain de novo consensus sequences for both genotypes with 
Illumina reads when processed by CLC-GW as the contigs generated were non-
contiguous when mapped to the reference-sequence. In the case of reference-genotype, 
read coverage depth and read length contributed to non-contiguous contigs as the read 
depth in regions corresponding to gaps was between 7 and 30, when examined for base 
calling and read mapping depth to the mapping-consensus, which is well below the 
average mapping read coverage depth of 127.7 (Table 3.2). In the case of wild-rice-
genotype with longer read length (100 bases), read length but not read coverage depth 
may have contributed to non-contiguous contigs as the read depth in regions 
corresponding to the gaps was between 7,000 to 11,000, when examined for base calling 
and read mapping depth to the in the mapping-consensus, which is well above the 
average mapping read coverage depth of 8,143.2 (Table 3.2). Interestingly, de novo 
consensus, although not accurate (Table 3.4) was generated for the reference-genotype 
using CLC-GW and the longer (200 bases) Ion Torrent reads. We can thus conclude that 
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read lengths of more than 100 bases would be required to successfully obtain a de novo 
consensus of the chloroplast genome.  
In case of the reference-genotype, mapping-consensus sequences were generated 
using reads from both platforms, with no mismatches. However, mapping-consensus 
sequences showed several indels due to inaccuracies in the Ion Torrent reads mainly in 
homopolymer regions. In case of the short Illumina reads (36 bases) of the R-rice-
genotype, neither the read length (36 bases) nor the sequence yield (minimum reference-
sequence read mapping coverage of 7) was a limitation in generating an accurate 
mapping-consensus when processed by the CLC-GW, indicating the accuracy of the 
Illumina sequencing platform. In case of the longer Ion Torrent reads (200 bases), when 
processed by the CLC-GW and the Torrent Suite Software, consensus-sequences with no 
mismatches were generated but with several variants all of which were indels and 
predominantly in homopolymer regions (Table 3.4). These results indicate the actual 
presence of these anomalous indels in the Ion Torrent reads that contributed to the 
inaccuracy in the consensus sequence generated and to the unreliability of any indels calls 
made when using these reads. It is known that the Ion Torrent sequencing platform 
generates anomalous indels (Bragg et al. 2013). Interestingly, the preference of the CLC-
GW and the Torrent Suite analysis tool in filtering out predominantly either insertions or 
deletions, respectively, as observed in both rice genotypes (Table 3.4 and Table 3.5), 
indicates the possibility of these analysis tools to be amended to deal with anomalous 
indels in the Ion Torrent reads. We also observed a bias for indels in homopolymer 
regions, where deletions occurred in shorter regions while insertions occurred in longer 
regions. These findings are inconsistent with a recent study on Ion Torrent sequencing 
bias where it was reported that an increased deletion rate was positively correlated with 
increased lengths of homopolymer regions and that insertions were independent of 
homopolymer length (Bragg et al. 2013; Ross et al. 2013). This is probably because of the 
different genomes used or that the chloroplast genome is AT-rich and the longest C/G 
stretches found are 9 bp long (2 regions), 8 bp (4 regions) and 7 bp (9 regions).  
The homopolymer repeat numbers and lengths found in the chloroplasts are likely 
to be responsible for the systematic pattern of bias in the single base indels in these 
repeats (Figure 3.1), i.e. specific types of nucleotides deleted or inserted from long and 
short repeats. Specific types However, systematic errors reported in the Ion Torrent data in 
earlier studies (Bragg et al. 2013) were not found in this analysis of the chloroplast 
possibly because we used a more recent version of the technology. We can conclude that 
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both sequencing platforms produce high quality data with relatively low rates of 
discrepancy in the calling of polymorphisms, especially SNPs, but the Ion Torrent data 
would be less reliable for indel calls.  
We compared the two sequencing platforms in generating an accurate consensus 
chloroplast sequence by comparing the mapping-consensus sequences generated for 
both genotypes. For the R-rice genotype, no mismatches were observed indicating the two 
platforms to be comparable for SNP calls as has been reported for microbial genomes 
(Quail et al. 2012). When comparing the mapping-consensus sequences of the W-rice-
genotype we identified twenty discrepancies. It must be noted that some of the 
discrepancies were caused by misalignment of reads and as has been previously 
recognized (Albers et al. 2011), there is an important issue with mismatches in close 
proximity of indel events. Some read mapping tools can have problems with these regions 
resulting in false SNPs calling. However, for both the rice genotypes we observed 
erroneous indel calls with Ion Torrent reads mainly in homopolymer regions.  
The importance of obtaining a de novo sequence was clear from our study as 
discrepancies observed in the mapping sequences of the W-rice-genotype were curated 
using the de novo contigs. The de novo assembly of chloroplast genomes using the tools 
applied in this study was easier with the longer Ion Torrent data than with the Illumina 
data. Although increasing number of reference genome sequences are being generated to 
support chloroplast genome analysis, the ability to generate whole chloroplast genome 
sequences de novo will find wide application. The first report of total plant DNA analysis for 
chloroplast sequencing (Nock et al. 2011) used short Illumina reads (36 bp) and relied on 
a reference genome for successful assembly. More recent studies based upon longer 
reads (Ferrarini et al. 2013; McPherson et al. 2013) have reported more success with de 
novo assembly.  
This study demonstrates that de novo assembly of an accurate whole chloroplast 
genome sequence will be possible for routine plant barcoding. Analysis of plants based 
upon appropriate and careful analysis of shotgun sequencing of total DNA promises to 
provide a barcode that will have wide application. Having a well curated and reliable 
consensus chloroplast sequence for a plant sample provides greater certainty of obtaining 
reliable results in many critical studies such as plant identification, purity assessment, 
phylogenetic analysis and heteroplasmy analysis. Continuing improvements in sequencing 
platforms and analysis tools will make this method more reliable and cost effective for a 
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wide range of research and industrial applications. The significant advances in these 
competing sequencing platforms that have been foreshadowed by the manufacturers 
promise dramatic reductions in cost in the near future. This would make barcoding by 
sequencing the whole chloroplast the preferred option for plant identification in many 
research and industrial applications. A comparison of the platforms at the same level of 
coverage is useful in providing a guide to likely comparative performance as the number of 
reads on these platforms increases in the future. Costs will change for each platform as 
read length and read volume are increased.  
However, cost is not the only advantage of this approach. The use of total DNA 
from the sample without amplification simplifies the analysis but also provides greater 
opportunity to measure in an unbiased way the contribution of different genotypes in 
complex mixtures. The risks of preferential amplification or enrichment of chloroplasts from 
a specific genotype that complicated earlier analyses will be avoided.  
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Chapter 4  
 
 
Chloroplast genome of novel rice germplasm identified in northern 
Australia  
 
 
 
4.1 Abstract  
Rice (Oryza sativa L.) was probably domesticated from O. rufipogon in Asia in the last 
10,000 years. Relatives of cultivated rice (A genome species of Oryza) are found in South 
America, Africa, Australia and Asia. These A genome species are the close relatives of 
cultivated rice and represent the effective gene pool for rice improvement. Members of this 
group in northern Australia include, an annual species, O. meridionalis, and two recently 
distinguished perennial taxa, to one of which the name O. rufipogon has been applied and 
the other a perennial form of O. meridionalis. Comparison of whole chloroplast genome 
sequences of these taxa has now been used to determine the relationships between the 
wild taxa and cultivated rice. The chloroplast genomes of the perennials were both found 
to be distinguished from O. rufipogon from Asia by 124 or 125 variations and were 
distinguished from each other by 53 variations. These populations have remained isolated 
from the overwhelming genetic impact of the large domesticated rice populations in Asia 
and may be unique descendants of the gene pool from which domesticated rice arose. 
The conservation of this wild genetic resource may be critical for global food security. 
4.2 Introduction  
The evolution of rice within the grasses has been the subject of considerable research 
effort. The grasses are considered by some to be of Gondwanan origin (Bouchenak-
Khelladi et al. 2010), although there is still a body of thought that attributes a later origin 
and their distribution to long-distance dispersal. Kellogg (2009) uses this line of reasoning 
to date the rice tribe back to the start of the Miocene at 20.5 mya. Earlier publications 
(Clifford & Simon 1981; Simon & Jacobs 1990) have proposed a Gondwanan origin of the 
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grasses, particularly with reference to Australia. Recent fossil evidence, based on 
examination of cuticles with silica bodies (phytoliths) suggests that the Oryzeae tribe may 
have been distinct as early as the Late Cretaceous at 65 mya (Prasad et al. 2011), but 
Stevens (2014) questions the correct identity of these fossils and the major conflict with 
the data assembled from chloroplast and nuclear data. The phylogenetic relationships 
between Oryza species have been widely analysed and the origin and phylogenetic tree 
for rice genomes types, both diploids (AA, BB, CC, EE, FF and GG) and allotetraploids 
(BBCC, CCDD and HHJJ, HHKK) is well determined (Ammiraju et al. 2010a; Ge et al. 
1999; Lu et al. 2009). However, the more recent origin of the Oryza genus and the A 
genome clade of Oryza species from which rice was domesticated has not been well 
defined. Despite numerous attempts to resolve diversification of the A genome species 
[e.g. Zhu & Ge (2005), Kwon et al. (2006), Duan et al. (2007), Zou et al. (2008)], no 
conclusive phylogenetic relationship of these species have been generated from those 
studies, nor has the method or timing of these events been defined. Regarding distribution, 
if the Gondwanan explanation is invoked, the A genome species have had their present 
distribution for a much longer time than if long-distance dispersal is used to explain how 
very similar species occur in four continents.  
The greatest concentration of diversity in Oryza is found in South East Asia and 
northern Australia (Vaughan 1989). Both annual and perennial species of wild rice, 
belonging to the A genome type, have been identified (Vaughan et al. 2008). In Asia, the 
perennial species is referred to as O. rufipogon while the annual form is referred to as a 
distinct species O. nivara (Oka 1974; Sharma 2003). Four Oryza species are currently 
recognized from tropical Australia with two of these, one an annual and the other a 
perennial, belonging to the A genome clade (Henry et al. 2010). The perennial wild rice in 
Australia is referred to as O. rufipogon, while the annual species is known as 
O. meridionalis. Waters et al. (2012) used whole chloroplast genome sequencing to show 
that the Australian and Asian wild rices, including both the annual and perennials, were 
distinct from each other. However, only one accession of the Australian perennial wild rice, 
referred to as O. rufipogon, was analysed by Waters et al. (2012). Recent studies by 
Sotowa et al. (2013) identified two distinct types within the Australian perennial wild rice 
populations, suggesting that the Australian populations that had been identified as 
O. rufipogon consist of two different types of perennial wild rices that may be distinct 
species. One of the perennial populations was referred to as the m-type as it is 
morphologically similar to O. meridionalis (closed panicles and short anthers) and shared 
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two loci in the chloroplast genome. This population, here referred to as Taxon B, may have 
a common ancestor with O. meridionalis. Chloroplast gene sequence data (Sotowa et al. 
2013) suggested that this was the type included in the study by Waters et al. (2012) then 
referred to as Australian O. rufipogon. Sotowa et al. (2013) combined molecular and 
morphological evidence to suggest that this perennial was a new taxon distinct from both 
the annual O. meridionalis and from the Asian O. rufipogon. The other Australian perennial 
type wild rice population, referred to as the r-type (Sotowa et al. 2013), was 
morphologically similar to O. rufipogon suggesting a possible common origin (Figure 4.1). 
We now report the complete chloroplast genome sequence for an accession of this second 
O. rufipogon-like Australian wild rice (Taxon A) and comparison with the complete 
chloroplast sequence of other wild and domesticated rices. This study aims to further 
clarify the relationships between the Australian and Asian wild Oryza from the A genome 
clade by comparing the whole chloroplast genomes of all of the known taxa for the first 
time. 
 
 
Figure 4.1 Australian perennial wild rice (Taxon A) growing in its natural habitat in northern Queensland, Australia. Open 
panicles and anther length (>3-7.4 mm) affirm its morphological resemblance to Oryza rufipogon. 
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4.3 Materials and Methods  
4.3.1 Plant material  
The wild rice plant used in the study (Taxon A) was collected from a population of 
perennial wild rice at Abattoir Swamp Environmental Park in North Queensland, Australia 
(S16.38.085, E145.19.366). This group of wild rice plants, illustrated in Figure 4.1, was 
described by Sotowa et al. (2013) as Oryza rufipogon-like (r-type) and was found at the 
Jpn1 site. In this study it is referred as “wild rice Taxon A”.  
4.3.2 DNA extraction, sequencing and data analysis  
The chloroplast genome of a wild rice Taxon A collected from northern Australia was 
sequenced using next generation sequencing of total DNA. DNA from leaf tissue of a wild 
rice plant was extracted using a modification (Carroll et al. 1995) of the CTAB method 
(Bernatzky & Tanksley 1986) as described by (Furtado 2014). Illumina HiSeq2000 
(Illumina, San Diego, CA, USA) and Ion Torrent (PGM, #318 chip) sequencing platforms 
were used for shotgun sequencing of total genomic DNA from the sample. A consensus 
sequence of the wild rice Taxon A chloroplast genome was created and validated using 
the following approaches: (1) Illumina and Ion Torrent read mapping to the reference 
chloroplast sequence of Oryza sativa ssp. japonica var. Nipponbare, (2) de novo Illumina 
reads assembly and subsequent contigs mapping to the reference, and (3) reference-
assisted reads assembly from Ion Torrent platform followed by ordering the contigs based 
on the O. sativa reference sequence. All the Illumina analyses were performed on CLC 
Genomics Workbench 6.0 (www.clcbio.com) and Ion Torrent reads were alternatively 
imported to Torrent Suite Software version 3.6. Default programmes from both software 
platforms were used for quality analysis, read trimming, read mapping and de novo or 
reference-based read assembly.  
4.3.3 Functional annotation  
Wild rice Taxon A chloroplast genome annotation was performed using the Bacterial 
Genome Annotation system BG7 (Pareja-Tobes et al. 2012) followed by manual curation 
of exon/intron boundaries and start/stop codons.  
The full circular chloroplast gene map was visualised using the 
OrganellarGenomeDRAW tool (Lohse et al. 2013).  
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4.3.4 Phylogenetic analysis  
Eight fully sequenced chloroplast genomes of diploid rice species were used to perform a 
phylogenetic study (Table 4.1). All of the species, but one, were A genome rice relatives. 
Oryza australiensis, belonging to EE rice genome group, was included as an outgroup as 
this species is less closely related to the other Oryza genus species analysed in this study.  
The consensus chloroplast sequence of the wild rice Taxon A was aligned with 
other publicly available chloroplast genomes of species from the genus Oryza (GenBank, 
www.ncbi.nlm.nih.gov). The following sequences were used in the study: O. sativa spp. 
japonica var. Nipponbare, O. sativa indica isolate 93-11, Australian perennial sample used 
by Waters et al. (2012) and referred therein as O. rufipogon [referred in the present study 
as “wild rice Taxon B” due to its similarity to populations relating to the O. meridionalis-like 
perennials from the Jpn2 site in Sotowa et al. (2013)], Asian O. rufipogon, O. meridionalis, 
O. nivara, and O. australiensis. A summary of the genome groups, sequence lengths and 
GenBank accession numbers are shown in Table 4.1. The multiple genome alignment was 
conducted using Mauve 2.3.1 software and the progressive Mauve algorithm (Darling et al. 
2010) with default parameters. Prior to the analysis, one copy of the inverted repeat (IR) 
sequence was deleted from the chloroplast sequence of each of the genomes. The length 
of the IR ranged between 20,792 and 20,803 bp depending on the species.  
 
Table 4.1 Summary of rice chloroplast sequences used in phylogenetic analysis and comparative study: their genome 
group, full chloroplast length, length without one IR sequence and GenBank accession number. 
Rice species Genome 
group 
Full length chloroplast 
sequence (bp) 
Sequence length 
without IR (bp) 
Accession 
number 
Taxon A AA 134,557 113,754 KF428978 
O. sativa 
japonica 
AA 134,551 113,749 GU592207 
O. sativa indica AA 134,496 113,698 AY522329 
O. meridionalis AA 134,558 113,755 JN005831 
Taxon B AA 134,557 113,754 JN005833 
O. rufipogon 
(Asia) 
AA 134,544 113,743 JN005832 
O. nivara AA 134,494 113,692 AP006728 
O. australiensis EE 134,549 113,749 GU592209 
IR – inverted repeat. 
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The phylogenetic tree reconstruction for chloroplast genome alignment was 
performed using three distinct methods: maximum parsimony (MP), maximum likelihood 
(ML) and Bayesian inference (BI). Selection of the best-fit model of nucleotide substitution 
was conducted using jModelTest2 (Darriba et al. 2012) software and Akaike information 
criterion. The model chosen for maximum likelihood calculation was 012010+I+G+F (I = 
0.8990). MP and ML analyses were completed in PAUP* 4.0 software package (Swofford 
2003) choosing a heuristic search for finding the optimal tree, the random stepwise 
addition procedure for obtaining a starting tree and with the tree bisection-reconnection 
(TBR) algorithm for branch-swapping. 200 random-addition sequence replications were 
performed, as well as 2,000 bootstrap pseudoreplications to measure group support 
(frequency of occurrence). Gaps were considered as missing data. All characters were 
treated as unordered and weighted equally.  
Bayesian analysis was performed using MrBayes version 3.2 (Ronquist et al. 2012) 
through the Geneious 6.1.2 software platform (www. geneious.com). The evolutionary 
model used was the General Time Reversible Model with gamma-shaped among-site rate 
variation with an estimated proportion of invariable sites (GTR+I+G; I = 0.8990). The 
branch length prior was set to exponential with parameter 10.0. Two independent and 
simultaneous analyses starting from diverse random trees were performed. Monte Carlo 
Markov Chains (MCMC) were run for 1×106 generations, with chains sampled every 200 
generations, followed by burn-in of 1×105 MCMC. Three heated chains and one cold chain 
were used with the heating coefficient of 0.2 (by default). Consensus nodal support was 
assessed by posterior probability distribution. All trees were rooted using the outgroup 
method.  
4.3.5 Distances between rice chloroplast genomes and comparative 
chloroplast genomics  
Each of the full length rice chloroplast genomes was imported into the Geneious 6.1.2 
software platform and the sequences were aligned using the alignment tool available in the 
package, followed by variant analysis using the variant/SNP detection tool. In order to 
create a distance matrix for chloroplast genomes all the variants, as well as the differences 
(i.e. number of non-identical bases) were counted. The variants between Oryza Taxon A 
and other rice chloroplast were counted once, regardless of their length.  
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4.4 Results  
4.4.1 Chloroplast genome features of wild rice Taxon A  
The plastid genome of Taxon A consists of the four typical components found in 
angiosperms, i.e. two inverted repeats regions, IRA and IRB (both 20,803 bp in length), a 
large single copy (LSC; 80,604 bp) and a small single copy (SSC) region (12,347 bp; 
Figure 4.2). Overall 162 genes were found in the chloroplast genome, including 114 
protein-coding genes, 40 transfer RNAs and eight ribosomal RNAs. Twenty CDS and eight 
tRNAs were duplicated owing to the location in both of the inverted repeats. rRNAs genes 
were located in the IR forming two operons of 23S, 4.5S and 5S, and two separate 16S 
subunits. A total of 97 genes were single copy in the wild rice Taxon A chloroplast genome 
(75 protein-coding genes and 24 tRNAs). A functional description and gene visualisation is 
presented in Figure 4.2. Eleven genes contained one intron: six tRNA genes (tRNA-Lys, 
tRNA-Gly, tRNA-Leu, tRNA-Val, tRNA-Ile and tRNA-Ala) and five protein-coding genes 
(rps16, atpF, rpl2, ndhB and ndhA). The genome is AT-rich with an AT content of 61%. 
Coding sequences occupy 58.29% of the genome, comprising protein coding regions 
(49.24%), rRNA (6.83%) and tRNA (2.22%). Non-coding sequences contain intergenic 
regions and introns which represent 33.01% and 8.70% of the chloroplast genome, 
respectively.  
4.4.2 Phylogenetic analysis 
The multiple genome alignment of rice chloroplast sequences was 113,960 bp in length. 
One of the inverted repeats was excluded prior to phylogenetic analysis due to the 
identical sequence of these repeats. This avoids any parsimony informative sites in the 
inverted repeat regions being weighted with twice the value relative to other informative 
sites in the alignment. Of the total number of bases which were subjected to MP analysis, 
112,969 were constant, 903 were variable and parsimony uninformative and the number of 
parsimony informative characters was 88. The most parsimonious tree was obtained after 
798 rearrangements during a heuristic search and was 1,014 in length with consistency 
index CI = 0.98 and retention index RI = 0.89. The CI excluding uninformative characters 
was 0.84. The score for the best tree (-lnL) under ML criterion was 162,388.46454 after 
142 rearrangements. Bootstrap nodal support calculated from both MP and ML was strong 
(>99.2%) except for the node of Australian wild rice Taxon B and O. meridionalis where 
the support was slightly lower (83% in ML and 85% in MP). Posterior probabilities of the 
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tree resulted from BI were all 100%. The optimal trees found by all three phylogenetic 
methods were consistent and the final tree is presented in Figure 4.3. 
 
 
Figure 4.2 A chloroplast genome map of an Australian perennial wild rice (Taxon A). The inner circle indicates the 
boundaries between LSC, IRA and IRB, and SSC. The dashed area shows the GC content of the genome and marks the 
50% threshold with additional grey line inside. Genes are transcribed either clockwise (those found outside the outer 
circle) or counter clockwise (inside the outer circle). Features which belong to diverse functional groups are marked with 
different colours. 
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Figure 4.3 Phylogenetic relationships between chloroplast genomes of Oryza species. Nodal support is presented as 
precent bootstrap in MP/precent bootstrap in ML/BI probability. Scale bar is the number of substitutions per site. 
 
4.4.3 Distances between rice chloroplast genomes  
Distances between the individual chloroplast genomes from all of the species studied were 
represented as the number of variants between each of them (variant represented a SNP 
or MNV regardless of its length). Additionally the nucleotide differences in the sequences 
(i.e. number of bases which are not identical) were also determined (Table 4.2).  
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Table 4.2 Distance matrix of rice species chloroplast genomes. 
 
O. australiensis O. sativa japonica 
O. sativa 
indica 
O. rufipogon 
(Asia) O. nivara O. meridionalis 
Taxon 
B 
Taxon 
A 
O. australiensis 
 
838 845 846 876 860 870 861 
O. sativa 
japonica 854 
 
76 80 104 122 135 125 
O. sativa indica 1028 249 
 
62 57 110 122 122 
O. rufipogon 
(Asia) 896 118 232 
 
95 111 124 125 
O. nivara 1054 272 138 259 
 
141 152 143 
O. meridionalis 908 159 290 148 317 
 
34 36 
Taxon B 914 168 310 177 335 41 
 
53 
Taxon A 964 222 350 217 381 124 122 
 
The top panel represents number of variants between species (a variant corresponds to a single nucleotide- or a multi 
nucleotide-variant at any given position). The bottom panel shows number of nucleotide differences in the sequences 
(numbers of non-identical bases). The heatmap corresponds to individual values in a matrix as colours: red cells indicate 
close distance; orange, yellow and green cells show gradually greater distances. 
 
The lowest number of variants within the Australian clade, and also within all the 
species studied, was found between wild rice Taxon B and O. meridionalis (34 variants). 
Interestingly, there were more variants between wild rice Taxon B and wild rice Taxon A 
(53 variants) than between O. meridionalis and each of these perennial species (34 and 36 
variants, respectively). The Australian wild rice Taxon A analysed in the present study had 
a considerably lower number of differences in comparison with the other Australian A 
genome species than with the Asian species. Within the Asian clade all of the species’ 
chloroplast genomes had the lowest number of polymorphisms with O. sativa spp. indica in 
the following order: O. nivara (57), O. rufipogon (62) and O. sativa japonica (76). As 
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expected, considerably greater distances were present between O. australiensis and all 
other rice species.  
4.4.4 Comparative chloroplast genomics  
Table 4.3 shows the number and types of variants in the chloroplast genomes of the 
Australian wild rice and other rice species used in this study. The most abundant variation 
types in all species were SNPs. The chloroplast genome is mainly composed of coding 
region followed by intergenic region while a small component is comprised of introns 
(Figure 4.4A). However the distribution of variants as a proportion is mainly in the 
intergenic regions (66-75% variants) followed by coding region (17-30% variants) and a 
small component in introns (5-8% variants; Figure 4.4B). The majority of polymorphisms 
were found in the intergenic regions which occupy only 33.01% of the chloroplast genome, 
almost two times less than the coding sequences (58.29%). 
 
Table 4.3 Total number and type of sequence variants in rice species chloroplast genomes in comparison with Taxon A. 
Rice species Variant number Deletions Insertions MNV SNPs (Ts/Tv) 
O. meridionalis 36 4 10 3 19 (8/11) 
Taxon B 53 6 9 5 33 (16/17) 
O. sativa indica 122 18 17 10 77 (39/38) 
O. rufipogon (Asia) 125 18 14 7 86 (40/46) 
O. sativa japonica 125 14 17 4 90 (47/43) 
O. nivara 143 21 20 10 92 (46/46) 
O. australiensis 861 14 16 20 811 (518/293) 
MNV: multi-nucleotide variant; Ts and Tv – transitions and transversions, respectively. 
 
The SNPs found in coding regions of chloroplast genomes were analysed based on 
their effects on protein sequences. Synonymous and non-synonymous substitutions, as 
well as frame shifts were discovered among genomes (Table 4.4). In order to acquire a 
better understanding of the variation or differences present in protein coding regions 
between the Australian and Asian Oryza clades, as well as the unique occurrences in the 
Australian wild rice, the differences were grouped together based on their origin (Table 
4.5). Sixteen SNPs and two indels were found to be specific to either the Australian or 
Asian clade. Six out of them resulted in amino acid substitutions. Four SNPs were unique 
to the wild rice (Taxon A) and one of them caused an amino acid substitution of 
asparagine to serine in rpoC1 gene (DNA-directed RNA polymerase subunit beta’). All of 
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the proteins with variants were blasted against non-redundant protein sequences (nr) on 
the NCBI database (http://blast.ncbi.nlm.nih.gov/) to investigate the uniqueness of the 
substitutions in the chloroplasts of Asian and Australian rices, as well as in other plants. 
Among the substitutions analysed, two were found to be exclusive to the Australian clade, 
one to the Asian, and one in Taxon A and two were found in numerous plant species 
(Table 4.6).  
 
 
Figure 4.4 Analysis of coding and non-coding regions in chloroplast genomes. (A) Distribution of sequence types in 
Oryza Taxon A and (B) proportion of variants relative to Oryza Taxon A found in each of these regions. 
 
Table 4.4 SNPs and frame-shift events in coding region of the chloroplast genomes of rice species in comparison with 
Taxon A. 
Rice species Synonymous SNPs Non-synonymous SNPs Frameshifts 
O. meridionalis 5 1 0 
Taxon B 6 7 0 
O. sativa japonica 22 11 4 
O. sativa indica 17 9 4 
O. rufipogon (Asia) 16 15 3 
O. nivara 22 11 3 
SNP – Single Nucleotide Polymorphism. 
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There was also a frame-shift found in one of the chloroplast encoded proteins of 
unknown function, Ycf68, which is duplicated in the chloroplast genome due to its location 
in the inverted repeats (the frameshift was present in both copies as these regions are 
perfect repeats). The frameshift is produced by a single base insertion in the Australian 
chloroplast genomes that causes an early stop codon and protein truncation (in Asian 
genomes it is 133 amino acids in length, in Australian 101 amino acids; data not shown). 
Despite the premature termination of the gene ycf68 the functional protein domain (which 
lies in N-terminal end) is still present in the protein sequence (Uncharacterised protein 
family Ycf68, InterPro: IPR022546). Also, proteins of similar length were found in other 
plant species, e.g. Triticum monococcum ssp. aegilopoides (GenBank accession: 
AGP51191) and Setaria italica (Doust et al. 2009).  
The chloroplast genome lengths vary in the Oryza genus between 134,494 bp 
(O. nivara) and 134,558 bp (O. meridionalis). The length of the wild rice Taxon A 
chloroplast genome was 134,557 bp that corresponds to the usual Oryza chloroplast 
length and to the standard sizes of plastid genomes described so far [120-160 kbp; Green 
(2011)]. The chloroplast genome of the Australian wild rice Taxon A is AT-rich as reported 
for other angiosperms (Raubeson et al. 2007).  
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Table 4.5 Polymorphisms in chloroplast coding regions found to be specific to Australian or Asian clades or Taxon A. 
Position Australian clade Asian clade Taxon A Gene Protein effect 
LSC 
     
448 G A G psbA * 
817 G A G psbA * 
2,220 G T G matK Ala → Glu 
3,067 G T G matK Leu → Ile 
4,546 A T A rps16 * 
9,321 G G A psbD * 
24,164 A A G rpoC1 Asn → Ser 
24,742 T G T rpoC2 His → Gln 
25,000 G A G rpoC2 * 
27,949 C A C rpoC2 * 
29,885 T C T rps2 * 
55,325 G A G rbcL * 
IRA      
90,581 G T G ycf76 * 
93,538 C del C ycf68 frameshift 
SSC 
   
 
 
104,506 T T C rpl32 * 
105,927 C A C ccsA Ser → Tyr 
106,567 G T G ndhD Ala → Glu 
106,710 G T G ndhD * 
110,849 G A G ndhA * 
113,255 G G A ndhH * 
IRB      
121,627 G del G ycf68 frameshift 
124,581 C A C ycf76 * 
Positions refer to the positions in Taxon A chloroplast genome. Amino acid changes refer to a change with 
respect to Australian clade and Taxon A with the exception of position 24,164 (Ser is exclusive for Taxon A). 
Australian clade includes: O. meridionalis and Taxon B; Asian clade includes: O. sativa japonica and indica, 
O. rufipogon (Asian origin) and O. nivara. Nucleotides marked in bold and italics are found to be unique to 
Taxon A. LSC – long single copy, SSC – short single copy, IRA and IRB – inverted repeats, del – deletion, * –
synonymous SNP. 
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Table 4.6 Predicted amino acid substitutions in chloroplast encoded proteins between Australian and Asian clades of 
Oryza. 
Position Australian clade Asian clade Taxon A Gene Uniqueness of substitution 
46 Leu Ile Leu matK Leu exclusive for Australian 
clade 
328 Ala Glu Ala matK known 
567 Asn Asn Ser rpoC1 Ser exclusive for Taxon A 
10 His Gln His rpoC2 Gln exclusive for Asian clade 
224 Ser Tyr Ser ccsA Ser exclusive for Australian 
clade 
452 Ala Glu Ala ndhD known 
Positions refer to the amino acids positions in given proteins from Taxon A; known – given substitution was 
found among other genes from chloroplast genomes of numerous plant species; exclusive for 
Australian/Asian clade – given substitution was found only in Australian or Asian clades, respectively; 
exclusive for Taxon A – given substitution was found only in Australian wild rice (Taxon A). 
 
4.5 Discussion  
Long indels found between O. nivara and O. sativa indica and the other rice species (data 
not shown) affected the distance analysis among rice chloroplast genomes increasing the 
number of different nucleotides and consequently the distance from other rice relatives 
(Table 4.2). However, the presence of indels did not affect the phylogeny which placed 
these two species together within the Asian clade, as has been reported by others (Huang 
et al. 2012b), and indicates that it is very likely that each of those indels was one separate 
evolutionary event.  
The most dominant cultivated rice species (Oryza sativa) belongs to the A genome 
group, and was most likely domesticated from wild populations of O. rufipogon in Asia. The 
A genome group is the most recently diverged group in the Oryza genus and is comprised 
of eight diploid species, with annual and perennial types, and distributed worldwide 
including Australia (Ge et al. 2001; Vaughan 1989). The Australian perennial wild rice of 
the A genome type and generally referred to as Australian O. rufipogon (Henry et al. 2010; 
Vaughan et al. 2008), has recently been shown to be comprising of at least two types, the 
m-type and the r-type based on the analysis of loci in the nuclear genome (Sotowa et al. 
2013). In addition, Sotowa et al. (2013) examined many accessions of these taxa and 
reported that all wild type perennials found in Australia had meridionalis-type plastid 
genomes on the basis of analysis of two loci within the chloroplast. In our study, the best 
phylogenetic tree obtained confirms the distinctness of Australian and Asian rice relatives 
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as reported by Waters et al. (2012). Moreover, the phylogenetic analysis placed the 
perennial wild rice Taxon A within the Australian clade and also supported earlier findings 
about perennial wild rice Taxon B (Waters et al. 2012). Most importantly, this study shows 
for the first time the distinctness of the Australian Taxon A from O. rufipogon and despite 
superficial morphological resemblance, the chloroplast genome shows 125 variations. This 
indicates that the genetic difference between Taxon A and O. rufipogon (125) is 
comparable with that between Taxon A and O. sativa japonica (125) and that between 
O. rufipogon and O. sativa japonica (118). This perspective suggests that the Australian 
perennial, Oryza Taxon A, is a similar genetic distance from both domesticated Asian rice 
(O. sativa) and the wild Asian perennial rice (O. rufipogon) and that this is a similar genetic 
distance to that found between the wild and domesticated Asian species. The divergence 
between O. rufipogon and O. sativa was probably driven by human selection in the last 
10,000 years while the divergence of O. rufipogon in Asia and Oryza Taxon A in Australia 
was likely to have happened over a much longer period and been driven by allopatric 
evolution.  
The Australian wild rice species previously reported (O. meridionalis and the 
Australian O. rufipogon referred here as wild rice Taxon B) were found to be more closely 
related to each other than the other wild relative (Taxon A) studied here. Based on the 
distance analysis, it can be concluded that rice species within the Australian clade are 
generally more closely related to each other than the species within the Asian clade which 
is also reflected in the phylogenetic tree (Figure 4.3). The number of differences in the 
chloroplast between O. nivara and O. sativa indica (138), and O. rufipogon and O. sativa 
japonica (118) is similar to the distance between O. meridionalis and Oryza Taxon A (124). 
Based on chloroplast analysis, the relationship between the two morphologically distinct 
Australian perennial wild Oryza species and O. meridionalis was relatively close. Both are 
more closely related to O. meridionalis than the two cultivated subspecies of rice O. sativa, 
ssp. japonica and ssp. indica, are to one another (Table 4.2). The chloroplast genome 
sequence of Oryza Taxon A confirms that it is distinct from O. rufipogon, O. meridionalis 
and Oryza Taxon B.  
Nuclear genomes not analysed here may provide further information on the 
relationships between these species. Sotowa et al. (2013) analysed INDEL and SSR 
markers in the nuclear genome of other wild rice perennial accessions with the 
morphology of Taxon A collected from the same site (Jpn1 site) revealing some individuals 
to be closer to O. meridionalis and others to O. rufipogon at the loci tested. Analysis of the 
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complete nuclear genomes may provide further information on the relationships between 
these Australian perennial accessions and their relatedness to cultivated rice.  
The chloroplast genome sequences used here provide a guide to the relationships 
between the taxa but analysis of the nuclear genomes could result in greater insights into 
the evolution of the A genome clade of Oryza. Earlier studies explored some possible 
relationships between these taxa on a morphological basis (Sotowa et al. 2013). Despite 
some superficial morphological similarities, these two Australian wild rice perennial 
lineages, the r-type (Taxon A) and the m-type (Taxon B), have now been characterised as 
considerably divergent from both, O. rufipogon and O. meridionalis, and especially from 
one another at organellar, nuclear and morphological levels.  
This discovery adds further weight to present a case for South East Asia and 
northern Australia being considered as the centre of origin for the A genome. While the 
tribe is possibly of Gondwanan origin, the divergence of the A genome species is likely to 
be a relatively recent event involving long distance dispersal throughout the tropical world. 
More collections are required to determine the distribution of this species and to define the 
genetic variation within the population. This becomes more urgent with the prospect of 
agricultural expansion in tropical Australia and with rice cultivation becoming more likely. 
The wild rice populations in Australia have to date been isolated from the impact of genetic 
contamination by variants of cultivated rice as has been reported to have occurred widely 
in Asia with O. rufipogon. Pressure for more rice to satisfy food security could see 
extensive rice cultivation occur in Tropical Australia. The conservation of this wild genetic 
resource may require efforts in both ex situ and in situ conservation. The perennial A 
genome rice species from northern Australia are expected to be a valuable new genetic 
resource for rice improvement, with potential to contribute novel disease resistances, 
environmental stress tolerances and possible nutritional value. 
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Preface to Chapter 5 
The following chapter was submitted to Plant Biotechnology Journal as: Brozynska M, 
Copetti D, Furtado A, Wing RA, Crayn D, Fox G, Ishikawa R and Henry RJ (2016) 
Sequencing of Australian wild rice genomes reveals ancestral relationships with 
domesticated rice. 
My contribution to this study was as follows: performance of the experiments 
(100%), data analysis (90%), writing and editing the manuscript (50%) and designing the 
experiments (40%). 
The set of putatively single copy orthologs (6,015 genes) used in the phylogenetic 
inference between Australian wild rice taxa and other A genome Oryza species was 
provided by Prof. Rod Wing from Arizona Genomics Institute, The University of Arizona, 
Tucson, AZ, USA. This set was generated as a part of a study under the international 
initiative I-OMAP – International Oryza Map Alignment Project. 
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Chapter 5  
 
 
Sequencing of Australian wild rice genomes reveals ancestral 
relationships with domesticated rice  
 
 
 
5.1 Abstract 
Rice is the most important food crop in the world. The related A genome species of the 
Oryza genus are the effective gene pool for rice. Here we report draft genomes for two 
Australian wild rice taxa: O. rufipogon-like population, referred to as Taxon A and 
O. meridionalis-like population, referred to as Taxon B. These two taxa were sequenced 
and assembled by integration of two distinct next generation sequencing (NGS) data. This 
study creates a genomic platform for investigating a new wider gene pool and agriculturally 
important traits in Australian taxa. Recently, based upon chloroplast genome sequences, 
the Australian A genome species were shown to be a sister clade to the group that 
includes domesticated rice. Here we report that, despite the distinct chloroplast genome, 
the nuclear genome of the Australian Taxon A, has a sequence that is much closer to that 
of domesticated rice (O. sativa) than to the other Australian wild populations. Analysis of 
4,643 genes in the A genome clade showed that the Australian annual, O. meridionalis, 
and related perennial taxa have the most divergent (around 3 million years) genome 
sequences relative to domesticated rice. A test for admixture showed possible 
introgression into the Australian Taxa A (diverged around 1.6 million years ago) especially 
from the wild indica/O. nivara clade in Asia. These results demonstrate that northern 
Australia may be the centre of diversity of the A genome Oryza and suggest the possibility 
that this might also be the centre of origin of this group. 
5.2 Introduction 
Rice is a pantropical crop that is a staple food consumed by over half of the world’s 
population This crop has a long history of domestication and its cultivation dates back 
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around 10,000 years in Asia (O. sativa) and over 3,000 years in Africa (O. glaberrima). 
The Oryza genus diversified into six diploid (A-C and E-G) and five tetraploid (BC, CD, HJ, 
HK, and KL) genome groups. The phylogeny of the Oryza genome groups has been 
widely studied and is now well known (Ammiraju et al. 2010a; Ge et al. 1999; Lu et al. 
2009). The relationships between the most recently diverged A genome diploids, that 
include domesticated rice, has been more challenging and only lately has their phylogeny 
been more fully described, using both chloroplast (Wambugu et al. 2015) and nuclear 
genomes (Stein et al., personal communication). 
Rice food security requires continued increases in rice productivity and relies on 
ongoing genetic improvement. Climate change adds to the difficulty of achieving the 
necessary rates of genetic gain (Abberton et al. 2016). The wild relatives of rice provide a 
gene pool that allows for the expansion of diversity (Krishnan et al. 2014) in domesticated 
rice for the creation of new high yielding genotypes, with new nutritional and functional 
traits (Kharabian-Masouleh et al. 2012) and adaptation to new environments (Brozynska et 
al. 2016). The A genome species of Oryza, which include the species that are readily inter-
fertile with rice, represent the effective primary gene pool for rice. Recent investigations of 
large and widespread wild populations in tropical Australia (Henry et al. 2010) suggest the 
presence of two distinct and possibly novel perennial wild A genome taxa [Figure 5.1; 
Brozynska et al. (2014), Sotowa et al. (2013), Waters et al. (2012)]. Of these, Taxon A has 
plant and seed morphology similar to that of O. rufipogon and Taxon B appears to be 
similar to the annual O. meridionalis. Here we report draft genomes for these two 
Australian wild rice taxa: Taxon A and Taxon B, which are likely to be novel and different 
species. The two taxa were sequenced and assembled by integration of two distinct NGS 
data, namely Illumina and Pacific Biosciences. The draft nuclear genome sequences of 
384.8 Mb (Taxon A) and 354.9 Mb (Taxon B) were placed on 12 pseudochromosomes 
based on available rice reference sequences. Taken together, this study creates a new 
genomic platform for investigating the gene pool and agriculturally important traits 
potentially present in Australian taxa.  
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Figure 5.1 Australian perennial A genome taxa from northern Australia. Taxon A is characterised by open panicles, while 
Taxon B has closed panicles. 
 
The Australian wild rices have been isolated from the impact of gene transfer from 
domesticated rice that may complicate interpretation of the genetics of wild rice 
populations in Asia where rice has been cultivated on a large scale for thousands of years. 
An understanding of genetic relationships and diversity between and within these Asian 
and Australian populations will guide the effective use of wild genetic resources for global 
rice improvement. The phylogenetic relationships between all of the A genome taxa have 
recently been estimated using whole chloroplast genome sequences (Brozynska et al. 
2014; Wambugu et al. 2015). In this phylogeny the Australian A genome taxa form a 
distinct clade, which is a sister to the Asian domesticated rice clade (Figure 5.2A). We now 
report a phylogenetic analysis of the corresponding nuclear genomes. 
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Figure 5.2 Phylogenetic relationships between A genome rice species. (A) Tree topology based upon analysis of 
supermatrix of 4,643 nuclear genes. (B) Tree topology based on whole chloroplast genome sequences. Figure adapted 
and modified from Wambugu et al. (2015). Taxa marked in green represent Asian rice species, in blue: African, in 
orange: South American, and in red: Australian. L. perrieri and O. punctata were used as outgroups in nuclear and 
chloroplast studies, respectively. 
 
5.3 Methods 
5.3.1 Plant material 
The wild rice plants used in the study came from perennial wild rice populations in North 
Queensland, Australia. The first individual, referred to here as Taxon A, was collected from 
Abattoir Swamp Environmental Park near Julatten and was described by Sotowa et al. 
(2013) as Oryza rufipogon-like taxon (r-type) collected from Jpn1 site. The second 
individual, referred to here as Taxon B, was collected from a small wetland beside the 
Peninsula Developmental Road and in Sotowa et al. (2013) was called Oryza meridionalis-
like (m-type) taxon collected from Jpn2 site. Specimens of these wild rice populations were 
collected from their natural habitats and are now kept and maintained in glasshouse 
conditions at The University of Queensland in Brisbane, Australia. 
5.3.2 DNA extraction and sequencing 
DNA from leaf tissue of Taxon A and Taxon B individuals was extracted using a 
modification of the CTAB method (Furtado 2014) and subsequently subjected to whole 
genome shotgun sequencing. Next generation sequencing platforms used were Illumina 
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HiSeq2000 (Illumina, San Diego, CA, USA) and Pacific Biosciences RSII with P6-C4 
chemistry (PacBio, Menlo Park, CA, USA). The data generated on Illumina instrument 
were 101 bp reads with an average library insert of 550 bp (paired end reads, PE), 
3,000 bp (mate pair reads, 3 Kb MP) and 5,000 bp (mate pair reads, 5 Kb MP). Samples 
for paired end sequencing were generated using TruSeq DNA PCR free library preparation 
kit, whereas mate pair libraries were prepared using the Nextera Mate Pair protocol. 
Illumina sequencing was performed by Macrogen (Seoul, Korea) and PacBio sequencing 
by The University of Queensland Diamantina Institute (Brisbane, Australia). The SMRTbell 
template libraries were prepared following the standard protocol for long-insert libraries 
according to the manufacturer’s instructions (PacBio) with an insert size of 20 kbp. 20 
SMRTcells per taxon were sequenced resulting in approximately 40-fold genome coverage 
for each sample. 
5.3.3 Data processing and genome assembly 
Raw reads from both platforms were assessed using FastQC 
(www.bioinformatics.babraham.ac.uk/projects/fastqc), a tool for evaluating the quality of 
sequencing reads in FASTQ files. Illumina reads were additionally used to estimate the 
genome size of the taxa. A preqc module (Simpson 2014) from the SGA de novo genome 
assembler package (Simpson & Durbin 2012) was used for this estimation. This utility also 
enabled an estimation of heterozygosity and repeat content in the genome.  
Taxon A and Taxon B genomes were assembled de novo using two strategies. The 
first one utilised Illumina and PacBio sequencing reads together (hybrid assembly) and the 
second one – PacBio data only (PacBio-only assembly). The software used to accomplish 
the hybrid assembly was DBG2OLC package (Ye et al. 2014). This assembly included 
Illumina PE raw reads and raw PacBio reads. The first step within the analysis involved 
Illumina read error correction and subsequent assembly with SparseAssembler beta 
version (Ye et al. 2012). The next step was “overlap and layout” with the output contigs 
from the first step and PacBio reads. The last step called the consensus contigs. In 
PacBio-only assembly, first, the raw reads from the PacBio platform were corrected using 
the PBcR pipeline (Berlin et al. 2015) with the self-correction feature enabled. The 
assembly was done using The Celera Assembler (CA) version 8.3rc2 (Myers et al. 2000) 
leaving the parameters as default. The primary contigs were filtered in order to keep only 
the unique contigs. 
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5.3.4 Evaluation of genome assemblies 
First, each of the assemblies was assessed using Assembly Stats (assemblathon tool) 
from the Assemblathon project (Earl et al. 2011) accessed through the iPlant Collaborative 
platform [iPlant; Goff et al. (2011)]. Second, core genes presence was assessed in the 
assemblies. This was done using both CEGMA [Core Eukaryotic Genes Mapping 
Approach; Parra et al. (2007)] and BUSCO [Benchmarking Universal Single-Copy 
Orthologs; Simao et al. (2015)]. CEGMA uses a set of 248 CEGs (Core Eukaryotic Genes) 
which are very highly conserved in eukaryotes and are present in low copy number (Parra 
et al. 2009). BUSCO also uses a set of universal single-copy orthologs and provides a set 
to evaluate plant genomes in particular with a set of 956 plant orthologs. Additionally, both 
evaluation tools were run for the rice reference sequence of O. sativa japonica and the 
values for completeness of this high quality rice genome were used for normalisation. 
The assemblies were also aligned to rice reference genomes using QUAST [Quality 
Assessment Tool for Genome Assemblies; Gurevich et al. (2013)] with the default 
parameters and the minimum alignment length of 1,000 bp. The genome of Oryza sativa 
ssp. japonica var. Nipponbare [IRGSP_MSU.v7; Kawahara et al. (2013)] and 
O. meridionalis (GenBank assembly accession: GCA_000338895.2) were used as the 
reference sequences in this study. 
5.3.5 Rice pseudomolecules 
Assembled PacBio contigs were assigned to chromosome pseudomolecules using 
Genome Puzzle Master [GPM; Zhang et al. (2016)]. Rice reference genome sequences 
were used to guide the process: Oryza sativa ssp. japonica var. Nipponbare genome was 
used for Taxon A and O. meridionalis was used for Taxon B. The twelve pseudomolecules 
and unanchored contigs were then annotated for genes and other features. 
5.3.6 Genome annotation 
Protein coding genes were annotated using the MAKER-P v.2.3 annotation pipeline 
(Campbell et al. 2014). Within the pipeline the repeat elements were masked using the 
RepeatMasker (www.repeatmasker.org, v. 3.3.0). Expression evidence included Oryza 
expressed tags (ESTs) and full-length cDNA. These CDS and their corresponding protein 
sequences (used as the protein homology evidence) consisted of annotated genes models 
of O. sativa ssp. japonica var. Nipponbare RefSeq, O. glaberrima (Wang et al. 2014b) and 
Brachypodium distachyon (The International Brachypodium Initiative 2010). ESTs 
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comprised of O. sativa ssp. japonica var. Nipponbare (for Taxon A annotation) and 
O. meridionalis (for Taxon B annotation) transcripts generated by The International Oryza 
Map Alignment Project (Stein et al., personal communication) and clustered at 95% 
similarity. The ab initio gene predictors run within MAKER-P were SNAP (Korf 2004) using 
O.sativa.hmm parameter and AUGUSTUS 3.1 (Stanke & Waack 2003) with rice as the 
gene prediction species model. Resulting gene models were filtered removing non-
complete models, i.e. without valid start and or stop codons and with internal terminator 
codons, followed by removing transposable elements based on the specific rice- and 
Australian taxa-related libraries used at the genome masking step. The gene models 
predicted by MAKER-P were functionally analysed using InterProScan version 5.16.55 
(Jones et al. 2014). The InterProScan results were further parsed for additional functional 
information (KEGG pathway and GO terms) using interproscanParser script available at 
iPlant.  
The repeat annotation was obtained by merging the output of RepeatMasker and 
Blaster, a component of the REPET package (Flutre et al. 2011), using nucleotide libraries 
(PReDa and RepeatExplorer) from RiTE-db (Copetti et al. 2015) and an in-house curated 
collection of transposable element (TE) proteins. Additionally, for each of the two species, 
a custom repeat library was developed with RepeatExplorer and curated as described 
previously (Copetti et al. 2015) using short read data (Illumina sequencing reads). Infernal 
(Nawrocki & Eddy 2013) was adopted to identify non-coding RNAs (ncRNAs) using the 
Rfam library Rfam.cm.1_1. Hits above the e-value threshold of 1e-5 were filtered, as well 
as results with scores lower than the family-specific gathering threshold. When loci on both 
strands were predicted, only the hit with the highest score was kept. Transfer RNAs were 
also predicted using tRNAscan-SE v. 1.23 (Schattner et al. 2005) with default parameters. 
5.3.7 Phylogenetic analysis 
Phylogenetic analysis was undertaken using data from twelve fully sequenced diploid 
Oryza genomes including two taxa investigated in this study (Taxon A and Taxon B), and 
ten other species downloaded from GenBank (Table 5.1). Eleven of these species were A 
genome type rice relatives. Moreover, we used O. punctata, which belongs to BB genome 
group, and O. brachyantha, which has FF genome type. Leersia perrieri was used as the 
outgroup species. 
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Table 5.1 Oryza and the outgroup species used in the phylogenetic study. 
Oryza species Genome group GenBank Assembly Accession 
O. sativa japonica AA GCA_000005425.2 
O. sativa indica AA GCA_000004655.2 
O. rufipogon AA GCA_000817225.1 
O. nivara AA GCA_000576065.1 
O. barthii AA GCA_000182155.3 
O. glaberrima AA GCA_000147395.2 
O. glumaepatula AA GCA_000576495.1 
O. meridionalis AA GCA_000338895.2 
Taxon A AA LONB00000000 
Taxon B AA LONC00000000 
O. punctata BB GCA_000573905.1 
O. brachyantha FF GCA_000231095.2 
L. perrieri − GCA_000325765.3 
 
From these diploid genomes a set of putatively single copy orthologs was selected 
by blasting (BLASTn) the initial collection of 6,015 genes used in another I-OMAP study 
(Stein et al., personal communication) against Australian Oryza genomes (Taxon A and 
Taxon B). A final subset of 4,643 genes sequences present in all Oryza assemblies was 
extracted from the genomes and used for further investigation. Nucleotide sequences of 
the 4,643 genes selected from each genome were separately aligned using CLUSTAL W 
multiple sequence alignment program (Thompson et al. 1994). Then, single gene 
alignments were concatenated to create a supermatrix of 6,272,851 base pairs, which was 
used in the following phylogenetic inference. 
Phylogenetic tree reconstruction was conducted using maximum parsimony (MP) 
and Bayesian inference (BI) methods. MP was performed using PAUP* 4.0 software 
(Swofford 2003). The following tree search settings were enabled in MP reconstruction: 
heuristic search with tree bisection-reconnection branch swapping and 200 random 
addition sequence replications. The group support was assessed using 2,000 bootstrap 
pseudoreplications. Alignment gaps were treated as missing data. All characters were 
treated as unordered and weighted equally. 
For the model-based approach (BI), jModelTest2 software (Darriba et al. 2012) was 
used to determine the model of nucleotide substitution that best fits the data based on the 
Akaike Information Criterion. The Bayesian analyses used the General Time Reversible 
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Model with gamma-shaped among-site rate variation with an estimated proportion of 
invariable sites (GTR+I+G; p-inv = 0.3730, four gamma categories and gamma shape = 
0.8890). The BI analysis was performed using MrBayes version 3.2 (Ronquist et al. 2012). 
The branch length prior was set to exponential with parameter 10.0. Two independent and 
simultaneous analyses starting from distinct random trees were performed. Three heated 
(heating coefficient = 0.2) and one cold Monte Carlo Markov Chains (MCMC) were run for 
1×106 generations, with a tree sampled every 200 generations. The first 10% of trees were 
discarded as burn-in and a 50% majority rule consensus tree was constructed and rooted 
using the outgroup method. 
5.3.8 Divergence time estimates 
Divergence times were estimated using the Bayesian evolutionary method implemented in 
the software package BEAST 2 version 2.3.1 (Bouckaert et al. 2014). A secondary clock 
calibration was used based on the estimated divergence time for the Oryza crown group 
(O. brachyantha-O. punctata) of 15 ± 0.5 mya (Stein et al., personal communication). The 
4,643 genes used were divided according to the chromosome they were found on and 
aligned using CLUSTAL W. The number of genes and the alignment length is shown in 
Table 5.2. The best fit evolutionary model, determined by jModelTest2, was the General 
Time Reversible Model (GTR+I+G) for each of the alignments. Evolutionary rates were 
modelled under a strict molecular clock and speciation was modelled employing the Yule 
Model. Posterior probabilities were estimated using MCMC algorithm with chain length 
5,000,000 and a tree sampled every 1,000th generation. The first 10% of sampled trees 
was discarded as burn-in. The output from BEAST 2 was analysed in Tracer version 1.63 
(www.beast.bio.ed.ac.uk/Tracer). The best supported tree with the highest product of the 
posterior probability of all its nodes (maximum clade credibility tree) and the mean heights 
of each node was summarised using TreeAnnotator distributed in the BEAST 2 package. 
The final tree estimates were visualized in FigTree version 1.4.2 
(www.tree.bio.ed.ac.uk/software/figtree). 
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Table 5.2 Summary of data used in divergence time estimation. 
Chromosome # genes Alignment length 
1 659 885,116 
2 748 996,507 
3 593 805,108 
4 535 706,297 
5 511 658,924 
6 398 551,896 
7 372 533,899 
8 272 350,596 
9 256 345,315 
10 65 93,087 
11 98 134,216 
12 136 211,890 
Total 4,643 6,272,851 
 
5.3.9 Genetic introgression  
To test for genetic introgression between Australian and other Oryza species we used the 
software package HYBRIDCHECK (Ward & van Oosterhout 2016). We performed two 
tests and in each run four aligned sequences were analysed. In the first one we tested for 
introgression between Taxon A and either O. rufipogon or O. barthii and in the second we 
tested for introgression between Taxon A and either O. rufipogon or O. nivara. Block 
jackknife was used to calculate the statistic with the block size of 20,000 as well as Z-
score to measure the statistical significance. 
5.4 Results 
5.4.1 Genome sequencing  
The statistics of sequencing reads obtained in this study are shown in Table 5.3. Total 
data produced by the Illumina platform was 47.1 Gb and 41.4 Gb for Taxon A and Taxon 
B, respectively. The data generated on the PacBio instrument were long reads with an 
average length of 7,693 bp and 8,140 bp for Taxon A and Taxon B, respectively, with 
14.8 Gb and 15.0 Gb of overall data for those taxa. The minimum and maximum read 
lengths for Taxon A were 50 bp and 49,742 bp, respectively, and for Taxon B: 50 bp and 
50,242 bp. 
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Table 5.3 Illumina and PacBio sequencing reads statistics for Taxon A and Taxon B. 
 # reads # bases 
Avg. 
length 
(bp) 
Avg. 
GC 
(%) 
Avg. 
ambiguous 
base (%) 
Avg. 
quality 
(Phred) 
Quality 
distribution 
(Phred) 
Illumina 
Taxon A 
PE 200,095,430 20,209,638,430 101 43 0.11 35 10-40 
3 Kb 155,539,872 15,709,527,072 101 44 0.04 35 2-40 
5 Kb 110,916,270 11,202,543,270 101 44 0.04 35 2-40 
Total 466,551,572 47,121,708,772 101 43 0.06 35 2-40 
Taxon B 
PE 172,599,982 17,432,598,182 101 42 0.11 35 10-40 
3 Kb 119,259,720 12,045,231,720 101 44 0.04 35 2-40 
5 Kb 118,252,654 11,943,518,054 101 43 0.04 35 2-40 
Total 410,112,356 41,421,347,956 101 43 0.06 35 2-40 
PacBio 
Taxon A 
 1,928,732 14,781,976,594 7,664 43 NA 10 0-15 
Taxon B 
 1,867,655 15,002,306,864 8,140 43 NA 10 0-15 
PE – paired end reads, 3 Kb – mate pair reads with 3 Kb insert size, 5 Kb – mate pair reads with 5Kb insert 
size, NA – no ambiguous bases detected. 
 
 
Table 5.4 Illumina and PacBio sequencing genome coverage for Taxon A and Taxon B calculated using the estimated 
genome sizes (390 Mb and 370 Mb for Taxon A and Taxon B, respectively). 
Taxa Genome coverage (x) 
 Illumina PacBio 
 PE 3 Kb 5 Kb Total Total 
Taxon A 51.8 40.3 28.7 120.8 37.9 
Taxon B 47.1 32.6 32.3 112.0 40.6 
PE – paired end reads, 3 Kb – mate pair reads with 3 Kb insert size, 5 Kb – mate pair reads with 5Kb insert 
size. 
 
The genome sizes were estimated in silico to be about 390 Mb and 370 Mb for 
Taxon A and Taxon B, in turn. These estimates were similar to other A genome rice 
species which fall between 341 and 413 Mb in size (Zhang et al. 2014). Considering the 
estimated genome sizes, we also assessed the genome coverage of each of the data sets 
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(Table 5.4). Furthermore, we used these estimations in evaluating completeness of 
genome assemblies. 
5.4.2 Genome assemblies and evaluation 
A total of 384.8 Mb (PacBio-only assembly) and 382.7 Mb (hybrid assembly) of the Taxon 
A, and 354.9 Mb (PacBio-only) and 446.4 Mb (hybrid) of the Taxon B genome sequences 
were assembled (Table 5.5). PacBio assemblies slightly outperformed hybrid assemblies 
in terms of standard assembly metrics, i.e. lower number of scaffolds, longest contig size, 
higher N50 and mean scaffold size. Both Taxon A and Taxon B assemblies exhibited high 
total lengths, as percentage of known genome sizes, with an unexpected high length of the 
Taxon B hybrid assembly that accounted for around 120% of estimated genome size 
(370 Mb). The high percentage of estimated genome size for Taxon B hybrid assembly 
may be due to the heterozygous and repetitive nature of this taxon’s genome or to a non-
precise genome size estimation. Predicted heterozygous sites, measured as the rate of 
variant branches caused by allelic differences in a de Bruijn graph, (1 in 400) and repeat 
content (1 in 300) rates were slightly higher for Taxon B compared to Taxon A (1 in 800 
and 1 in 400, respectively; data not shown). Those traits might impact the assembly quality 
and completeness especially using short read data (Illumina) resulting in a more 
fragmented assembly with a higher number of repeated contigs. 
 
Table 5.5 Taxon A and Taxon B hybrid and PacBio assembly statistics. The metrics were calculated for scaffolds and 
contigs for hybrid assembly and for scaffolds only for PacBio assembly. 
 Taxon A Taxon B 
Assembly Hybrid PacBio-only Hybrid PacBio-only 
Assembler Sparse 
Assembler + 
DBG2OLC 
Celera 
Assembler 
Sparse 
Assembler + 
DBG2OLC 
Celera 
Assembler 
Scaffolds     
Number of scaffolds 3,359 2,585 4,718 3,252 
Total size of scaffolds 382,655,312 384,759,810 446,369,637 354,906,376 
Total scaffold length as percentage of 
known genome size 
98.1 98.7 120.6 95.9 
Longest scaffold 1,305,248 1,692,155 2,079,733 3,232,522 
Shortest scaffold 2,297 9,523 2,425 12,563 
Number of scaffolds > 500 nt 3,359 2,585 4,718 3,252 
Percentage of scaffolds > 500 nt 100 100 100 100 
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 Taxon A Taxon B 
Assembly Hybrid PacBio-only Hybrid PacBio-only 
Number of scaffolds > 1K nt 3,359 2,585 4,718 3,252 
Percentage of scaffolds > 1K nt 100 100 100 100 
Number of scaffolds > 10K nt 3,228 2,583 4,604 3,252 
Percentage of scaffolds > 10K nt 96.1 99.9 97.6 100 
Number of scaffolds > 100K nt 1,221 1,274 1,343 834 
Percentage of scaffolds > 100K nt 36.4 49.3 28.5 25.6 
Number of scaffolds > 1M nt 4 8 15 21 
Percentage of scaffolds > 1M nt 0.1 0.3 0.3 0.6 
Mean scaffold size 113,919 148,843 94,610 109,135 
Median scaffold size 61,996 97,803 54,787 61,207 
N50 scaffold length 217,336 219,409 163,003 159,640 
L50 scaffold count 511 505 718 461 
NG50 scaffold length 211,599 215,884 200,474 147,615 
LG50 scaffold count 528 517 507 510 
N50 scaffold - NG50 scaffold length 
difference 
5,737 3,525 37,471 12,025 
scaffold %A 28.29 28.03 28.49 28.42 
scaffold %C 21.7 21.96 21.5 21.58 
scaffold %G 21.71 21.96 21.52 21.58 
scaffold %T 28.29 28.05 28.48 28.42 
scaffold %N 0 0 0 0 
Contigs     
Percentage of assembly in scaffolded 
contigs 
4.1 - 5.6 - 
Percentage of assembly in 
unscaffolded contigs 
95.9 - 94.4 - 
Average number of contigs per 
scaffold 
1 - 1 - 
Average length of break (>25 Ns) 
between contigs in scaffold 
3.29 - 3.95 - 
Number of contigs 3,425 - 4,808 - 
Number of contigs in scaffolds 130 - 177 - 
Number of contigs not in scaffolds 3,292 - 4,631 - 
Total size of contigs 382,644,322 - 446,351,110 - 
Longest contig 1,158,569 - 1,449,836 - 
Shortest contig 1,139 - 790 - 
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 Taxon A Taxon B 
Assembly Hybrid PacBio-only Hybrid PacBio-only 
Number of contigs > 500 nt 3,425 - 4,808 - 
Percentage of contigs > 500 nt 100 - 100 - 
Number of contigs > 1K nt 3,425 - 4,807 - 
Percentage of contigs > 1K nt 100 - 100 - 
Number of contigs > 10K nt 3,280 - 4,677 - 
Percentage of contigs > 10K nt 95.8 - 97.3 - 
Number of contigs > 100K nt 1,227 - 1,347 - 
Percentage of contigs > 100K nt 35.8 - 28 - 
Number of contigs > 1M nt 3 - 13 - 
Percentage of contigs > 1M nt 0.1 - 0.3 - 
Mean contig size 111,721 - 92,835 - 
Median contig size 61,459 - 54,495 - 
N50 contig length 211,599 - 159,759 - 
L50 contig count 522 - 743 - 
NG50 contig length 209,177 - 196,877 - 
LG50 contig count 540 - 528 - 
N50 contig - NG50 contig length 
difference 
2,422 - 37,118 - 
contig %A 28.29 - 28.49 - 
contig %C 21.71 - 21.50 - 
contig %G 21.71 - 21.52 - 
contig %T 28.3 - 28.48 - 
contig %N 0 - 0 - 
 
The number of scaffolds obtained as a result of the assemblies was between 2,585 
and 3,252 for Taxon A and Taxon B, respectively for PacBio assemblies and between 
3,359 and 4,718 for Taxon A and Taxon B, respectively for hybrid assemblies. The number 
of scaffolds was slightly higher for hybrid assemblies for both taxa. Higher number of 
scaffolds in Taxon B assemblies might also be a result of the more heterozygous and 
repetitive nature of this taxon in comparison with Taxon A.  
Both of the core genes presence evaluation methods, CEGMA and BUSCO, 
indicated PacBio assemblies to be more complete than hybrid assemblies for both taxa 
(Table 5.6 and Table 5.7). Normalized values ranged from 94.8% to 99.1% of 
completeness using CEGMA and from 89% to 98% using BUSCO. Neither wild rice 
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assembly was found to have a higher number of mapped genes than the Nipponbare 
reference.  
 
Table 5.6 Completeness of Taxon A and Taxon B assemblies evaluated by means of presence of CEGMA core genes. 
Taxa Assembly Mapped 
CEGs 
Not mapped 
CEGs 
% 
completea 
Normalized 
(%) 
Taxon A Hybrid 218 30 87.9 95.2 
 PacBio-only 227 21 91.5 99.1 
Taxon B Hybrid 217 29 87.5 94.8 
 PacBio-only 225 23 90.7 98.3 
Oryza sativa spp. 
japonica 
IRGSP_MSU.v7 229 19 92.3 100 
a Percentage of CEGs present. 
 
 
Table 5.7 Completeness of Taxon A and Taxon B assemblies evaluated by means of presence of BUSCO orthologous 
genes. 
Taxa Assembly Single Duplicated Fragmented Missing % 
completea Normalized 
Taxon A Hybrid 832 246 46 78 87 89 
 PacBio-only 918 212 22 16 96 98 
Taxon B Hybrid 830 255 56 70 86 89 
 PacBio-only 836 170 55 65 87 89 
Oryza 
sativa 
spp. 
japonica 
IRGSP_MSU.v7 936 216 10 10 97 100 
a
 Percentage of Complete Single-Copy BUSCOs present, Single – Complete Single-Copy BUSCOs, 
Duplicated – Complete Duplicated BUSCOs, Fragmented – Fragmented BUSCOs, Missing – Missing 
BUSCOs. 
 
A high fraction of the Nipponbare reference genome was aligned to Taxon A 
assemblies, 70.7% and 71.5% to hybrid and PacBio, respectively (Table 5.8). However, a 
significantly lower percentage was aligned to Taxon B assemblies, 42.4% and 37.3% to 
hybrid and PacBio, respectively. These values were not high enough to use the 
Nipponbare genome as a reference for Taxon B in orienting and ordering contigs into 
chromosome pseudomolecules using GPM (Zhang et al. 2016). Based on the previous 
finding that Taxon B shares numerous molecular markers with O. meridionalis (Sotowa et 
92 
 
al. 2013) and that they descended from a common ancestor (this study), this genome was 
evaluated as well. QUAST results showed higher O. meridionalis genome fraction aligning 
to Taxon B assemblies than Nipponbare genome, 62.4% and 56.3% to hybrid and PacBio, 
respectively. These values were satisfactory allowing the use of O. meridionalis instead of 
Nipponbare sequences as a guide in GPM for Taxon B assembly. 
 
Table 5.8 Unaligned and partially unaligned contig metrics of Australian wild rice taxa. 
 Taxon A Taxon B 
Reference genome O. sativa O. meridionalis O. sativa O. meridionalis 
Assembly Hybrid PacBio-
only 
Hybrid PacBio-
only 
Hybrid PacBio-
only 
Hybrid PacBio-
only 
# unaligned contigsa 67 14 803 265 301 33 676 240 
Fully unaligned 
length (Mb) 
1.1 0.5 22.7 14.8 6.5 1.5 20.6 12.0 
# partially unaligned 
contigs 
670 279 2,354 2,120 2,577 1,688 2,075 1,311 
Partially unaligned 
length (Mb) 
25.8 15.3 263.9 266.6 202.1 162.0 116.6 80.2 
Unaligned length b 26.9 15.9 286.6 281.3 208.6 163.5 137.3 92.3 
Genome fraction (%) 70.7 71.5 23.6 25.4 42.4 37.3 62.4 56.3 
# genes 38,587 33,346 4,981 5,402 26,532 22,588 18,006 16,357 
# partial genes 8,106 10,063 8,950 9,421 9,399 8,794 8,822 7,805 
a
 Number of contigs without alignments to the reference sequences, fully or partially. 
b
 Total length of the unaligned contigs (sum of fully and partially unaligned regions in the assembly). 
 
5.4.3 Rice psuedomolecules 
After the preliminary evaluation of the assemblies (basic assembly statistics, core gene 
presence and alignment to the reference genomes), the PacBio-only scaffolds were 
chosen for further analysis and investigation. Ordering and orientation of the contigs with 
GPM resulted in 12 pseudochromosomes for both taxa and 386 unordered contigs for 
Taxon A and 1,080 for Taxon B (Table 5.9). 94.9% and 83.1% of the assemblies’ length 
were anchored and oriented to chromosomes for Taxon A and Taxon B, respectively. 
Alignment of wild rice pseudomolecules to their reference genomes revealed better 
coverage and less ambiguity between Taxon A and O. sativa japonica than between 
Taxon B and O. meridionalis genome (Figure 5.3).  
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Table 5.9 Length and GC content of Taxon A and Taxon B psuedosomocules and remaining contigs. 
Pseudomolecule Taxon A Taxon B 
 
%GC Length %GC Length 
Chr01 44.0% 41,912,295 43% 33,618,492 
Chr02 43.8% 37,496,392 43% 27,986,264 
Chr03 44.2% 39,112,528 43% 27,026,720 
Chr04 44.1% 31,213,496 44% 31,144,760 
Chr05 43.9% 29,753,236 43% 23,976,054 
Chr06 43.8% 31,811,270 43% 22,865,571 
Chr07 43.9% 28,478,632 43% 26,941,941 
Chr08 43.6% 27,136,197 43% 22,577,491 
Chr09 44.1% 23,188,492 43% 19,679,370 
Chr10 43.8% 22,039,502 43% 18,408,352 
Chr11 43.2% 27,446,056 43% 22,781,387 
Chr12 43.2% 25,545,820 43% 17,848,930 
Unordered 45.7% 19,846,994 43% 59,973,669 
Total 43.9% 384,980,910 43% 354,829,001 
 
 
 
Figure 5.3 Dot plot of wild rice psuedomolecules with reference genomes chromosomes. (A) Taxon A and its reference, 
O. sativa ssp. japonica var. Nipponbare. (B) Taxon B and its reference, O. meridionalis. Each square corresponds to one 
of the 12 rice chromosomes. 
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5.4.4 Genome annotation 
Repetitive elements, RNAs and protein coding genes were annotated in Taxon A and 
Taxon B draft genomes. The sequences subjected to the annotation were the 12 
psuedomolecules and remaining unordered contigs for each of the taxa. 
Total repeats found in Australian wild rices made up 36.5% and 46.4% of the Taxon 
A and Taxon B genomes, respectively (Table 5.10 and Table 5.11). The most abundant 
class of transposable elements found were retrotrasposons from the Gypsy superfamily. 
These represented 57.8% and 39.7% of all repeats described in Taxon A and Taxon B, 
respectively, followed by the Copia superfamily in Taxon A (8.3%) and Mutator in Taxon B 
(9.3%). The classes and fractions of other repetitive elements were similar in both taxa; 
however the numbers and lengths were significantly higher in the Taxon B genome. 
Non-coding RNAs annotated in the wild rice genomes included tRNA, miRNA, 
snoRNA, sRNA, rRNA and other (Table 5.12). Overall, RNAs consisted of approximately 
0.25% of both genomes which corresponded to length of 960,496 bp in Taxon A and 
883,779 bp in Taxon B. 675 and 558 tRNAs models were predicted by tRNAscan in Taxon 
A and Taxon B respectively, whereas 629 and 581 tRNAs models were predicted by 
Infernal, respectively. Additional models predicted by Infernal but not by tRNAscan were 
added to the final annotations resulting in 677 and 615 tRNAs for Taxon A and Taxon B, 
respectively, of the combined length of 50,687 and 46,301 bp. 
The number of gene models annotated in wild rice genomes is listed in Table 5.13. 
Slightly more genes were found in the Taxon A genome which was probably associated 
with the longer total assembly of this taxon (384.8 Mb as opposed to 354.9 Mb of Taxon 
B). In comparison with other wild rice species (Stein et al., personal communication) these 
taxa showed a considerably lower number of genes. In the previous study the lowest 
number of annotated loci was found in O. brachyantha (24,208), which also carries the 
smallest genome described so far in the genus Oryza (261 Mb). Similar numbers of 
InterPro protein domains, KEGG pathways or GO terms were found in the two genomes 
(Table 5.13). Overall, just over 61% of annotated models had matches in the InterPro 
database, about 9% in KEGG and around 40% in GO.  
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Table 5.10 Repetitive elements annotated in Taxon A genome. 
 Genome coverage (bp) Repeat # Repeat fraction (%) Genome fraction (%) 
Class I (retrotransposons) 
LTR Copia 11,716,567 7,037 8.33 3.05 
 Gypsy 81,228,038 27,133 57.77 21.11 
 Retrovirus 609,338 182 0.43 0.16 
 Other LTR 898,540 5,117 0.64 0.23 
LINE L1 4,284,820 5,478 3.05 1.11 
 Other LINE 4,769 42 0.00 0.00 
SINE SINE 407,798 1,082 0.29 0.11 
Other Class I 49,006 557 0.03 0.01 
Class II (DNAt) subclass 1 
TIR Tc1-Mariner 1,381,604 5,255 0.98 0.36 
 hAT 2,183,755 3,465 1.55 0.57 
 Mutator 8,417,944 9,364 5.99 2.19 
 PIF-Harbinger 2,950,940 9,159 2.10 0.77 
 CACTA 11,204,924 6,531 7.97 2.91 
 Other DNAt 504,947 2,144 0.36 0.13 
 MITE 1,715,292 5,719 1.22 0.45 
Class II (DNAt) subclass 2 
Helitron 4,492,507 5,207 3.20 1.17 
Other Class II 45,350 332 0.03 0.01 
Total TEs 132,096,139 93,804 93.95 34.33 
     
Ribosomal DNA 135,588 133 0.10 0.04 
Structural Repeats 7,828,864 139,062 5.57 2.03 
Unclassified 534,597 3,697 0.38 0.14 
     
Total Repeats 140,595,188 236,696  36.54 
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Table 5.11 Repetitive elements annotated in Taxon B genome. 
 Genome coverage (bp) Repeat # Repeat fraction (%) Genome fraction (%) 
Class I (retrotransposons) 
LTR Copia 14,396,632 13,267 8.75 4.06 
 Gypsy 65,230,139 37,092 39.65 18.38 
 Retrovirus 367,124 263 0.22 0.10 
 Other LTR 827,384 5,581 0.50 0.23 
LINE L1 4,842,831 9,820 2.94 1.36 
 Other LINE 57,132 483 0.03 0.02 
SINE SINE 1,892,063 10,196 1.15 0.53 
Other Class I 134,526 1,910 0.08 0.04 
Class II (DNAt) subclass 1 
TIR Tc1-Mariner 9,027,155 57,805 5.49 2.54 
 hAT 4,338,182 17,762 2.64 1.22 
 Mutator 15,222,784 50,417 9.25 4.29 
 PIF-Harbinger 11,760,001 61,983 7.15 3.31 
 CACTA 13,770,423 18,078 8.37 3.88 
 Other DNAt 4,061,534 42,279 2.47 1.14 
 MITE 5,690,040 45,488 3.46 1.60 
Class II (DNAt) subclass 2 
Helitron 6,863,768 15,316 4.17 1.93 
Other Class II 314,866 4,526 0.19 0.09 
Total TEs 158,796,584 392,266 96.52 44.74 
     
Ribosomal DNA 231,301 1,185 0.14 0.07 
Structural Repeats 3,451,409 68,645 2.10 0.97 
Unclassified 2,035,778 26,940 1.24 0.57 
     
Total Repeats 164,515,072 489,036  46.35 
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Table 5.12 Non-coding RNA annotation in Taxon A and Taxon B genomes. 
 Taxon A Taxon B 
 number length (bp) number length (bp) 
tRNAs 677 50,687 615 46,301 
miRNA 5,398 801,838 4,892 734,557 
snoRNA 499 53,803 453 47,791 
sRNA 91 13,717 87 13,341 
rRNA 115 29,046 129 34,496 
Othera 76 11,405 63 7,293 
Total 6,179 909,809 5,624 837,478 
tRNA – transfer RNA, miRNA – micro RNA, snoRNA – smll nucleolar RNA, sRNA – spliceosomal RNA, 
rRNA – ribosomal RNA. 
a
 Other includes signal recognition particle RNA, nodulin 40, TPP riboswitch, iron stress repressed RNA, 
RNase MR. 
 
Table 5.13 Protein coding genes annotation in Taxon A and Taxon B genomes. 
 Taxon A Taxon B 
# genes 22,035 21,169 
# transcripts 27,473 26,735 
# exons 99,618 97,975 
   
# InterPro domain 13,505 13,072 
# KEGG pathway 1,926 1,904 
# GO annotation 8,763 8,466 
 
5.4.5 Phylogenetic analysis 
Sequences of 4,643 genes were extracted from nuclear genome sequences generated by 
whole genome sequencing (Table 5.1; Stein et al., personal communication). The 
alignment of these 4,643 gene sequences comprised of 6,272,851 bp. The sequence 
similarity between the Oryza species was very high (Table 5.14) ranging from 86.6% 
(between O. meridionalis and O. brachyantha) to up to 98.4% (between O. rufipogon and 
O. sativa ssp. japonica). Out of the total number of bases that were subjected to the MP 
analysis, 5,229,706 were constant, 741,498 were variable and parsimony uninformative 
and 301,647 were parsimony informative. Both phylogenetic inference methods used in 
this study, MP and BI, recovered the same optimal tree topology (Figure 5.2B) with the 
following values for the MP tree: length = 1,264,556 steps, consistency index CI = 0.90, 
retention index RI = 0.74, CI excluding uninformative characters = 0.72. The nodes on this 
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topology were all strongly supported with MP bootstrap values of 100% and the posterior 
probabilities of all nodes in the BI equal to 1. 
Our results showed that O. meridionalis and Taxon B in Australia are sister to all 
other A genome species including the Australian Taxon A (Figure 5.2B). Taxon A is in turn 
a sister to the clade that includes the Asian and African domesticated species. African 
domesticated rice, O. glaberrima, and its wild progenitor, O. barthii, together with 
O. glumaepatula from South America are a clade distinct from the Asian species 
(Wambugu et al. 2013). Indica and japonica rice are represented by two well resolved 
clades. Japonica and O. rufipogon show a close relationship which is consistent with the 
long accepted view that O. rufipogon is the progenitor of japonica (Wei et al. 2012) while 
indica rice was found in a clade with the Asian annual O. nivara. Recent SNP analysis of 
genomic regions under selection suggests the independent domestication of indica rice 
from wild rice in an area from southern Indochina to the Brahmaputra valley (Civáň et al. 
2015). 
The nuclear phylogenies presented here showed a different relationship to those 
deduced from the chloroplast genomes suggesting different evolutionary histories for the 
maternally-inherited plastid genetic material and the nuclear genome (Figure 5.2). This 
difference in evolutionary path for these genomes is commonly observed in recently 
diverged plant taxa (Tsitrone et al. 2003). 
Table 5.14 Sequence similarities between rice taxa in the supermatrix used for phylogenetic inference. 
 
Oryza species 1 2 3 4 5 6 7 8 9 10 11 12 
1 O. sativa indica 
 
97.7 97.6 97.5 96.7 97.2 97.2 96 94.8 94.7 93 87.1 
2 O. nivara 
  
98.1 98.2 97.4 97.9 98 96.6 95.3 95.2 93.5 87.6 
3 O. sativa japonica 
   
98.4 97.3 98 97.9 96.8 95.4 95.4 93.6 87.7 
4 O. rufipogon 
    
97.3 97.8 97.8 96.5 95.3 95.2 93.5 87.6 
5 O. barthii 
     
97.9 97.3 95.8 94.8 94.6 93 87.3 
6 O. glaberrima 
      
97.8 96.4 95.3 95.2 93.5 87.7 
7 O. glumaepatula 
       
96.4 95.4 95.2 93.5 87.7 
8 Taxon A 
        
94.4 95.2 92.7 87.1 
9 O. meridionalis 
         
95.1 92.5 86.6 
10 Taxon B 
          
92.4 86.7 
11 O. punctata 
           
87.6 
12 O. brachyantha 
            
The panel represents percentage of bases that are identical in the supermatrix alignment between corresponding 
species. The heatmap shows individual values in a matrix as colours: red cells indicate high similarities; orange, yellow 
and green cells show gradually lower similarities. 
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The relationship of the Australian A genome populations was greatly clarified by this 
study. O. meridionalis and the morphologically similar perennial populations (Taxon B) are 
sister to all other A genome species. The Australian wild populations with morphology 
similar to O. rufipogon (Taxon A) were found to be sister to the clades including all other A 
genome species. The Australian (Taxon A) population has a large anther like that of 
O. rufipogon in Asia but is morphologically distinct from the other Australian A genome 
species and domesticated rice with small anthers. Taxon A and Taxon B can be most 
readily distinguished in the field by the open panicles of Taxon A and closed panicles of 
Taxon B (Figure 5.1). Taxon B generally has longer awns but the ranges of awn length for 
the two taxa overlap. The presence of these diverse A genome taxa makes northern 
Australia a key centre of diversity for rice and indicates the need for more collections from 
this poorly explored area and the need to ensure in situ conservation of these resources. 
Analysis of the timing of the evolutionary events in this study (Figure 5.4) agrees 
well with that reported in analysis of the Oryza genomes (Stein et al., personal 
communication) despite the use of a different method of analysis. The average rate of 
evolution was estimated to be 3.53E-3 ± 1.85E-6 (Table 5.15) and the root age 
(divergence between O. brachyantha and O. punctata) to be 14.98 ± 0.97 mya (Figure 
5.4). Given this root age the A genome group diverged in the last 3 million years and the 
divergence of the japonica and indica clades dated at about 990,000 years ago (Figure 
5.4). The chloroplast genomes appear to have diverged more recently (Wambugu et al. 
2015) possibly due to some degree to the sharing of maternal genomes across this group. 
 
Table 5.15 The average rate of evolution estimates for Oryza species by chromosome. 
Chromosome 1 Chromosome 2 Chromosome 3 Chromosome 4 
mean stderr mean stderr mean stderr mean stderr 
3.29E-03 1.82E-06 3.51E-03 1.76E-06 3.02E-03 1.53E-06 3.66E-03 1.90E-06 
        
Chromosome 5 Chromosome 6 Chromosome 7 Chromosome 8 
mean stderr mean stderr mean stderr mean stderr 
3.78E-03 1.95E-06 3.38E-03 1.67E-06 3.83E-03 1.90E-06 3.79E-03 1.93E-06 
        
Chromosome 9 Chromosome 10 Chromosome 11 Chromosome 12 
mean stderr mean stderr mean stderr mean stderr 
3.78E-03 2.04E-06 3.29E-03 1.89E-06 3.38E-03 1.78E-06 3.69E-03 2.00E-06 
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Analysis of the phylogenetic relationship for each chromosome separately revealed 
some discordant results for chromosomes 5, 7, 10 and 11 (Figure 5.5, Table 5.16) that is 
likely due to introgression rather than incomplete lineage sorting. To test for potential 
recombination events between Australian Taxon A and other Oryza species we performed 
a four-taxon test, also known as the D-statistic (Durand et al. 2011; Green et al. 2010) 
separately for each chromosome. This test screens the aligned data for two biallelic 
mutation patterns: ABBA and BABA. The first species set we used was ((O. rufipogon, 
O. barthii), Taxon A, O. punctata) where O. punctata was used as the outgroup. In this 
analysis a negative D-statistic value would suggest introgression between Taxon A and 
the Asian species, whereas a positive value would mean an introgression between Taxon 
A and the African species (O. barthii). In this set all but two chromosomes showed 
negative D-statistic values indicating that introgression occurred between Australian Taxon 
A and Asian O. rufipogon (Figure 5.6 and Table 5.17). Eight of these statistics were 
significant (chromosomes 1, 3, 5, 6, 8, 9, 11 and 12). Among chromosomes with significant 
results was chromosome 5 for which Taxon A was found to be closer on the phylogenetic 
tree to the Asian clade (Figure 5.5) than it was on the consensus tree (Figure 5.2B). The 
D-statistic calculated for chromosome 7 was positive and statistically significant thereby 
providing evidence for introgression between Taxon A and O. barthii.  
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Figure 5.4 Molecular clock analyses for A genome rice evolution. The most frequent tree topology retrieved in analyses 
of alignments of separate chromosomes, inferred for 8 out of 12 chromosomes. Scale axis represents age in million 
years (mya). Node bars display 95% Highest Posterior Density (HPD) interval.  
 
 
 
Table 5.16 Divergence times estimates for Oryza species by chromosome. 
 
Chromosome 1 Chromosome 2 Chromosome 3 Chromosome 4 
Node mya 95% HPD mya 95% HPD mya 95% HPD mya 95% HPD 
A 14.98 14.04-15.96 14.97 14.07-16.01 14.99 14.04-16.02 14.98 14.07-16.05 
B 6.72 6.26-7.14 6.86 6.41-7.31 6.80 6.35-7.25 6.76 6.32-7.23 
C 2.66 2.48-2.83 3.17 2.92-3.38 2.79 2.61-2.99 3.16 2.95-3.37 
D 2.02 1.89-2.15 2.11 1.97-2.25 2.07 1.93-2.21 1.50 1.39-1.60 
E 1.57 1.47-1.68 1.71 1.59-1.82 1.40 1.31-1.50 1.73 1.62-1.85 
F 1.14 1.06-1.23 1.33 1.24-1.42 1.16 1.09-1.24 1.24 1.15-1.32 
G 1.02 0.95-1.09 1.14 1.07-1.22 0.99 0.92-1.06 1.06 0.99-1.13 
H 0.91 0.84-0.98 1.09 1.02-1.17 0.97 0.90-1.04 0.96 0.89-1.03 
I 0.68 0.63-0.73 0.82 0.76-0.88 0.75 0.69-0.80 0.78 0.73-0.84 
J 0.59 0.55-0.64 0.62 0.58-0.66 0.60 0.56-0.65 0.60 0.55-0.64 
K 0.51 0.48-0.55 0.72 0.67-0.77 0.49 0.46-0.53 0.63 0.59-0.68 
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Chromosome 6 Chromosome 8 Chromosome 9 Chromosome 12 
Node mya 95% HPD mya 95% HPD mya 95% HPD mya 95% HPD 
A 14.98 14.01-15.91 14.99 14.05-15.95 14.99 14.03-15.96 14.98 14.04-16.01 
B 6.86 6.39-7.29 6.77 6.34-7.22 6.88 6.43-7.35 6.59 6.13-7.03 
C 2.96 2.77-3.16 3.09 2.88-3.30 3.09 2.88-3.30 2.93 2.73-3.14 
D 1.61 1.50-1.72 1.08 1.00-1.16 1.48 1.37-1.59 1.72 1.59-1.85 
E 1.60 1.48-1.70 1.74 1.62-1.86 1.60 1.49-1.72 1.90 1.77-2.04 
F 1.24 1.16-1.32 1.30 1.20-1.38 1.25 1.16-1.33 1.55 1.44-1.66 
G 1.04 0.97-1.11 1.20 1.11-1.28 1.18 1.09-1.26 1.19 1.10-1.28 
H 0.96 0.89-1.02 0.94 0.87-1.01 1.07 0.99-1.15 1.00 0.93-1.08 
I 0.75 0.69-0.80 0.77 0.71-0.82 0.72 0.67-0.78 0.74 0.68-0.80 
J 0.59 0.54-0.63 0.54 0.50-0.59 0.80 0.74-0.86 0.46 0.42-0.51 
K 0.58 0.54-0.62 0.76 0.71-0.82 0.84 0.78-0.90 0.81 0.74-0.87 
         
Chromosomes with different tree topology than the majority of chromosomes 
 Chromosome 5 Chromosome 7 Chromosome 10 Chromosome 11 
Node mya 95% HPD mya 95% HPD mya 95% HPD mya 95% HPD 
A 14.98 14.00-15.95 14.99 14.08-16.00 14.99 14.00-15.99 14.99 14.01-15.96 
B 6.72 6.29-7.17 6.71 6.27-7.15 6.12 5.67-6.58 7.09 6.61-7.60 
C 3.13 2.93-3.34 2.76 2.57-2.94 2.02 1.85-2.19 2.39 2.21-2.57 
D 1.66 1.55-1.78 0.96 0.90-1.03 0.62 0.55-0.70 1.25 1.13-1.36 
E 1.63 1.52-1.74 1.57 1.47-1.68 0.92 0.84-1.00 1.64 1.51-1.76 
F 1.35 1.26-1.44 1.18 1.10-1.26 0.77 0.70-0.84 1.53 1.42-1.65 
G 1.44 1.35-1.54 1.38 1.29-1.47 0.79 0.72-0.87 1.27 1.17-1.37 
H 1.01 0.94-1.08 0.92 0.86-0.99 0.71 0.65-0.78 0.94 0.87-1.03 
I 0.8 0.74-0.85 0.77 0.71-0.82 0.55 0.49-0.61 0.69 0.62-0.75 
J 0.58 0.53-0.62 0.68 0.63-0.73 0.34 0.29-0.40 0.46 0.41-0.52 
K 0.92 0.66-0.99 0.66 0.61-0.70 0.24 0.20-0.28 0.51 0.45-0.57 
 
To investigate the relationship between Australian and Asian species we used the 
set ((O. rufipogon, O. nivara), Taxon A, O. punctata). For this set a negative D-statistic 
value would suggest introgression between Taxon A and the japonica/O. rufipogon clade, 
whereas a positive value would suggest introgression between Taxon A and the 
indica/O. nivara clade. Four chromosomes (1, 2, 4, and 12) returned significant positive 
values, whereas no negative value was meaningful. Introgression between the Asian and 
Australian populations was suggested with evidence for greater introgression between 
Taxon A and the indica/O. nivara clade than between Taxon A and the 
japonica/O. rufipogon clade. 
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Figure 5.5 Bayesian phylogenies for each chromosome of investigated Oryza species and the ourgroup. Tree topologies 
for chromosomes 1, 2, 3, 4, 6, 8, 9 and 12 are identical. Tree topologies for chromosomes 5, 7, 10 and 11 are distinct 
and are highlighted in yellow. Scale axis represents age in million years (mya). Node bars display 95% Highest Posterior 
Density (HPD) interval. 
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Table 5.17 Global statistics calculated in four-taxon test for selected Oryza species per chromosome. 
Four taxon test for a set (((O. rufipogon, O. barthii), Taxon A), O. punctata) 
 Chr 1 Chr 2 Chr 3 Chr 4 Chr 5 Chr 6 
Base pairs 885,116 996,507 805,108 706,297 658,924 551,896 
Polymorphic sites 71,201 96,385 61,486 74,967 70,350 52,933 
ABBA 1,278 2,853 772 2,018 1,449 1,096 
BABA 1,787 3,341 1,888 2,275 2,872 1,813 
D-statistic -0.16607 -0.07879 -0.41955 -0.05986 -0.32932 -0.2465 
Z-score -1.9633 -0.72932 -3.74382 -0.6485 -3.42562 -1.9795 
       
 Chr 7 Chr 8 Chr 9 Chr 10 Chr 11 Chr 12 
Base pairs 533,899 350,596 345,315 93087 134,216 211,890 
Polymorphic sites 55,811 41,850 36,600 5588 12,562 19,252 
ABBA 1,781 313 783 206 133 244 
BABA 972 1,580 1,557 186 288 822 
D-statistic 0.29386 -0.66931 -0.33077 0.05102 -0.36817 -0.5422 
Z-score 2.55576 -10.03458 -2.85748 0.1037 -2.51294 -3.6627 
       
Four taxon test for a set (((O. rufipogon, O. nivara), Taxon A), O. punctata) 
 Chr 1 Chr 2 Chr 3 Chr 4 Chr 5 Chr 6 
Base pairs 885,116 996,507 805108 706,297 658924 551896 
Polymorphic sites 68,110 90,534 57,274 70,570 64,356 50,122 
ABBA 1,638 2,363 852 1,821 1,319 1,227 
BABA 957 1,417 1,090 848 2,012 1,028 
D-statistic 0.26243 0.25026 -0.12255 0.36456 -0.20805 0.08825 
Z-score 2.58619 2.37828 -0.99487 2.85723 -1.79152 0.56591 
       
 Chr 7 Chr 8 Chr 9 Chr 10 Chr 11 Chr 12 
Base pairs 533899 350596 345315 93087 134216 211,890 
Polymorphic sites 51,798 37,595 33,296 5,682 11,661 18,963 
ABBA 1,595 761 581 53 91 299 
BABA 1,136 595 696 79 119 184 
D-statistic 0.16807 0.12242 -0.09005 -0.19697 -0.13333 0.23810 
Z-score 1.14980 0.66700 -0.74602 -0.50227 -1.51219 2.73644 
Columns marked in green and red indicate significant Z-score for negative and positive D-statistic, 
respectively. 
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Figure 5.6 Results of four-taxon test for Taxon A and selected Oryza species. (A) D-statistics and Z-scores calculated for 
two sets of selected species per chromosome: (((O. rufipogon, O. barthii), Taxon A), O. punctata) and (((O. rufipogon, 
O. nivara), Taxon A), O. punctata). Z-scores marked with asterisk (*) indicate statistically significant values. (B) Four-
taxon tree used in the first test. Bidirectional arrow shows inferred introgression for chromosomes with significant D-
statistics (listed below the tree). (C) Four-taxon tree used in the second test. Bidirectional arrows show inferred 
introgression for chromosomes with significant D-statistics (listed below the tree). 
 
5.5 Discussion 
The discovery of two novel Australian wild rice taxa expands the understanding of the 
genetic diversity within the genus Oryza. The two draft genomes generated in this study 
produce an excellent platform for exploring the potential of Australian wild rices. These 
genomic resources will complement the already extensive study of numerous wild and 
cultivated species within Oryza (Stein et al., personal communication) providing unique 
data for comparative genomics, evolutionary studies of the entire genus and widening the 
species pool for rice improvement. 
The sequencing and assembly performed in this study show the particular 
challenges of generating genome assemblies for wild heterozygous plants. It also shows 
that the replacement of short read data (Illumina) with long read data (PacBio) can 
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improve the overall completeness of a draft genome sequence. The results suggest that 
the best representation of the Taxon A and Taxon B genomes was obtained using the 
PacBio-only data. As a consequence, the PacBio-only assemblies for both taxa have been 
selected for further analysis. PacBio-only assembly improved almost all metrics, such as 
number of scaffolds, total size, the longest and the shortest scaffolds, mean and median 
lengths as well as completeness measured as presence or absence of orthologous genes. 
The evolution of rice has been the subject of ongoing debate in particular regarding 
whether there was a single or multiple domestication in Asia (Bouchenak-Khelladi et al. 
2010; Kellogg 2009; Vaughan et al. 2008). The distinctness of the indica and japonica 
genomes suggests separate origins for most of each genome (Wei et al. 2012). However 
the presence of many shared domestication related alleles has led to suggestions that 
some level of introgression between the two genomes has also been a feature of their 
domestication history (Huang et al. 2012a; Huang et al. 2012b; Molina et al. 2011). 
Geographic separation may have allowed early populations to diverge resulting in distinct 
O. rufipogon-like populations in Asia and Australia. Chloroplast transfer or capture is 
common between recently diverged plant taxa which may explain the distinct Asian and 
Australian chloroplast genomes in the wild populations descended from the taxa that were 
domesticated in Asia.  
Wild rice populations are a key genetic resource for rice improvement (Anacleto et 
al. 2015). The Australian populations may provide an especially useful resource for 
evaluation of rice domestication due to their isolation from significant impact of gene flow 
from domesticated rice. An improved understanding of the geographic variation in A 
genome wild rice species provided by genome sequencing should guide the search for 
useful alleles in wild populations (Krishnan et al. 2014). The taxonomy of the A genome 
wild rice species in Australia and Asia needs to be re-evaluated in the light of the 
molecular data now available to determine if distinct wild taxa need to be recognized. 
Movement of flora between Sahul (New Guinea and Australia) and Sunda (Malay 
Peninsula, Sumatra, Borneo, Java) in both directions may be an important part of the 
evolutionary history of the A genome Oryza species (Crayn et al. 2015; Prasad et al. 2011; 
Tang et al. 2010). The current diversity of A genome Oryza in northern Australia suggests 
the possibility of an Australian and or south east Asian origin for the A genome clade, but 
further historical biogeographical analyses based on more extensive datasets are required 
to evaluate this hypothesis.  
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Chapter 6  
 
 
General Discussion  
 
 
 
6.1 Fulfilment of objectives 
The motivation for this study has been a recent discovery and identification of two distinct 
types of perennial wild rice in northern Australia (Sotowa et al. 2013). It was suggested 
that Australian species that had been described as O. rufipogon might be indeed two 
different taxa. In the previous study, they were characterised based on morphological 
characteristics and a small number of loci from chloroplast and nuclear genomes. In the 
current study, these populations have been described in more detail by reporting their 
chloroplast and nuclear genome sequences delivered by state of the art genomic 
technologies and analysis methods.  
In this thesis research, Chapters 3 and 4, focused on chloroplast sequence 
investigation, whereas Chapter 5 was devoted to whole genome sequence analysis. 
Chapter 3 examined the reliability of two distinct next generation sequencing platforms 
coupled with diverse data analysis methods when applied to creating full chloroplast 
sequences of rice species with application to other plant species. In Chapter 4, the 
chloroplast sequences of Australian rices generated as a part of the project were 
annotated, compared with other available Oryza chloroplast genomes and employed in 
inference of evolutionary relationships between these and other rice species. Chapter 5 
covered sequencing, assembly and annotation of the whole genomes of the two Australian 
wild rice taxa applying, as in Chapter 3, two different high throughput sequencing 
technologies and different data analysis approaches. This chapter also utilized these 
genome sequences to analyse the genome-wide phylogeny of numerous Oryza species, 
including speciation times, with an emphasis on the Australian taxa. 
The current chapter reviews and discusses key findings as well as indicates future 
directions for more thorough characterisation of Australian wild rice populations.  
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6.2 Chloroplast genomes of Australian wild rice species 
The objective of generating the chloroplast genomes of Australian wild rices in this study 
was to utilize them as barcodes to investigate molecular taxonomy. Nevertheless, these 
genomes can also be used for plant identification, ecological studies and food purity 
assessment. Advances in DNA sequencing have made it possible to sequence large 
genomes, transcriptomes and exomes or even small genomes such as the chloroplast. 
However, every sequencing platform performs better for certain applications and not all 
can be used with a similar success for the same exercise. In the first part of this thesis 
(Chapter 3) two next generation sequencing platforms were assessed for use in the 
specific application of whole chloroplast sequencing. The sequencing platforms used were 
Illumina and Ion Torrent. Herein, only two Illumina instruments were tested (HiSeq2000 
and GAIIx) but this company offers a broad range of instruments, from large high-
throughput sequencers able to sequence thousands of genomes per year (HiSeq X Ten) 
to bench-top machines capable of sequencing smaller genomes in faster modes (MiSeq). 
With this extensive portfolio of instruments Illumina covers virtually all of the NGS 
applications, from human whole genome sequencing, through RNA- and ChIP-seq to 
metagenomics. Illumina has been dominating the next-generation sequencing market for 
many years now. This success is mainly owed to high read accuracy, low error rate, high 
yield of data per run and low cost per Gb of data. The Ion Torrent instrument tested was a 
Personal Genome Machine (PGM). The main applications of Ion Torrent systems have 
been small genomes and targeted sequencing. The output from the PGM has expanded 
rapidly and it is the cheapest sequencer available on the market (approximately US$50k). 
Additionally, it allows very fast runs (~2 hours) and requires inexpensive consumables. 
However, it generates significantly lower output than Illumina with considerably lower read 
accuracy and higher error rates. 
One of the key requirements for a practical analysis method in assessing a genome 
assembly is the availability of a reference sequence. For rice, a complete and high-quality 
reference sequence is available and has been used throughout the study in several 
occasions. In this case, thanks to the O. sativa ssp. japonica var. Nipponbare chloroplast 
genome, it was possible to accurately assess the sequencing platforms and analysis 
methods. As a consequence, one approach for creating the chloroplast consensus 
sequences involved the use of the reference (read mapping), while in the second the 
sequences were created without this support (de novo assembly). In the read mapping 
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method, chloroplast consensus sequences were obtained from data from both sequencing 
platforms. However, each of them exhibited certain errors. Illumina reads were highly 
accurate in terms of reconstructing the reference sequences but missed long variations 
(insertions and deletions) in the Australian genotype. On the other hand, these indels were 
correctly called using the Ion Torrent data; however the overall consensus accuracy was 
significantly lower predominantly due to short indel errors in the final sequence. Ion Torrent 
was reliable for de novo assembly allowing generation of a full length chloroplast genome 
with no gaps but not fully accurate with a considerable number of short indels. Illumina 
data did not prove suitable for de novo assembly where the full length consensus 
sequence was obtained for neither of genotypes because of gaps present between the 
contigs. Not surprisingly, the read length (long Ion Torrent vs. shot Illumina reads) was the 
main factor influencing contiguity of de novo genome assembly. 
Generating a de novo sequence for an organism of interest is particularly important 
if there is no reference available from the same species. Although a close relative from the 
same genera might be used in a mapping-only approach, some longer polymorphisms can 
be overlooked. This was exemplified here by the long indels not detected by Illumina read 
mapping. De novo assembly can significantly improve the result and avoid misassemblies 
in a mapping-only consensus. As demonstrated, in order to generate an accurate 
chloroplast genome a combination of sequencing technologies and data analysis should 
be used. The advances in sequencing technologies, including the cost as well as ease of 
analysis, make barcoding by sequencing of the whole chloroplast a reliable, fast and 
inexpensive method that, in consequence, has application in plant identification in many 
research and industrial applications. 
Knowledge of the phylogenetic relatedness between and within Australian 
populations, especially now in the light of the new discoveries, is important for effective 
use of wild genetic resources. The phylogenetic relationships inferred here based on 
chloroplast genomes were the first attempt to clarify the relationships between the two 
novel Australian taxa and other, both wild and cultivated, A genome rice species from Asia 
and Australia. In this study we confirmed the distinctness of Asian and Australian wild rices 
as shown by Waters et al. (2012). All of the Australian species, including the two new taxa, 
formed a monophyletic group with a clear distinction between them; specifically Taxon A 
and Taxon B were shown to be different from one another. Furthermore, for the first time, 
we showed that, despite very close morphological resemblance between Asian 
O. rufipogon and Australian Taxon A, they are distinct species. Moreover, Taxon B and 
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O. meridionalis were found to be more closely related to each other than to Taxon A. This 
chloroplast analysis was the first indication that these taxa could be new Australian wild 
rice species. The results from chloroplast genome investigation and the discovery of 
distinctness between the two novel Australian wild rice populations and Asian species 
became the drive for exploration of the evolutionary relationships between these species 
based on their nuclear genomes. 
6.3 Nuclear genomes of Australian wild rice taxa 
Whole nuclear genomes of Australian wild rice taxa were created by combination of data 
from two high throughput sequencing platforms, namely Illumina (described in detail 
previously) and Pacific Biosciences (PacBio). Although the output from the PacBio 
machine is comparatively low, the very long read lengths (with a mean of ~15k) make this 
platform an attractive option for a number of applications. It has become a good fit for de 
novo genome assembly, closing gaps in already existing sequences by sequencing 
difficult regions, large structural variation or full length transcriptome discovery. An 
interesting and unusual feature of PacBio is its use in epigenetic studies by detection of 
modified nucleotides. Other advantages of this technology include relatively quick 
sequencing runs and ability to sequence high GC content regions where other platforms 
struggle. Unfortunately, the read accuracy is low and, therefore, the overall error rate is 
relatively high. 
Exploring the genome characteristics before the assembly, including genome size 
estimation, is a good way of discovering how challenging the assembly might be. This 
approach was adapted in this study leading to discovery of a higher heterozygosity and 
repetitive content rates for Taxon B compared to Taxon A. Accordingly, Taxon B assembly 
was more challenging and resulted in a slightly lower quality of the final sequence in terms 
of basic statistics and completeness. Out of the two different assembly strategies, hybrid 
and PacBio-only, the latter was proven to be more appropriate to produce more complete 
genome assemblies for both taxa. Addition of short read data (Illumina) and performing a 
hybrid assembly did not improve the final sequences. On the contrary, it caused an inflated 
assembly of one of the taxa (Taxon B). 
The whole A genome Oryza group phylogeny has been recently resolved using 
chloroplast (Wambugu et al. 2015) and nuclear genomes (Stein et al., personal 
communication); however the latter did not include the two novel Australian taxa. These 
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taxa were incorporated in the current study showing discrepancy between chloroplast and 
whole genome phylogenetic tree topologies. The most unexpected difference was the 
position of Taxon A where it formed a part of the Australian species clade based on the 
chloroplast genomes but was found closer to the clades with domesticated rices based on 
the nuclear sequences. Incomplete lineage sorting, interspecific hybridization and 
coalescent processes have been shown to cause incongruence between chloroplast and 
nuclear phylogenies (Comes & Abbott 2001; Hudson 1990; Mason-Gamer et al. 1995). 
Herein, we demonstrated a possible introgression into Australian Taxon A from the 
indica/O. nivara clade in Asia, which might be responsible for the divergence between 
chloroplast and genome-wide tree topologies. Another reason might be different 
evolutionary paths for these two genomes; a case that has been reported for recently 
diverged taxa (Tsitrone et al. 2003). 
O. meridionalis and Taxon B were the A genome species that first diverged from 
other species. This event was estimated to have occurred around 3 million years ago. The 
next speciation event in this group took place about 1.6 million years ago when Taxon A 
diverged. The Oryza tribe is probably of Gondwanan origin (Bouchenak-Khelladi et al. 
2010), but according to our estimated speciation times, the Oryza A genome speciation 
took place after the breakup of the supercontinent supporting the hypothesis of long range 
dispersal of Oryza species across the world by humans and animals. 
This thesis confirms that Australian perennial wild rice populations comprise at least 
two types; the m-type, represented by Taxon B, which is morphologically similar to 
O. meridionalis, and the r-type, Taxon A, similar to O. rufipogon. Detailed genomic 
analyses have showed that all Australian A genome rice species carry meridionalis-type 
plastid genomes as revealed by phylogenetic inference based on chloroplast genomes. 
However, only one of the novel taxa, Taxon B, also carries a meridionalis-type nuclear 
genome, whereas the other taxon, Taxon A, has a nuclear genome that is more closely 
related to domesticated species as revealed by nuclear phylogenies. 
6.4 Future directions 
The close relatives of cultivated plants, crop wild relatives, carry a potentially valuable 
gene pool for use in breeding of domesticated species and their improvement. The genetic 
diversity present in today’s crop plants is scarce and their immediate wild relatives might 
contribute a reservoir of genetic diversity for these crops. The discovery of new wild rice 
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populations in Australia, which are close wild relatives of cultivated rice, expands the 
effective gene pool for rice available for rice improvement programmes.  
The draft genomes created in this study provide the first detailed genomic 
resources for the Australian Taxa A and B and are the first stage in unveiling the genetic 
potential of these Australian wild rice populations. Future steps should focus on mining 
and thorough examination of agronomically important traits. Tolerance to abiotic and 
resistance to biotic stresses as well as yield enhancing genes are of particular value in 
breeding programmes. However, establishing a high quality genome assembly is essential 
for consistent and exhaustive whole genome exploration. Given the current status of the 
Australian rice genomes, which are in thousands of scaffolds ordered into 
pseudochromosomes based on reference sequences, there is a need for improvement of 
the overall quality and completeness of these sequences. A few common strategies exist 
for improving genome assemblies that could be applied to the draft genomes of the 
Australian taxa. One method, typically used in genomics for closing gaps in genomes and 
or placing scaffolds onto chromosomes, is genome or genetic mapping. Genome maps 
represent the physical distance between genome positions measured in base pairs 
[physical maps; Deonier (2005)] while genetic maps determine the relative order between 
various markers or genes based on their recombination frequencies (Tiwari et al. (2016)]. 
Recent technological advances have allowed the generation of optical maps (Schwartz et 
al. 1993), which are a type of high-resolution restriction map where the size and location of 
individual restriction fragments is determined. The most suitable approach to mapping the 
Australian wild rice taxa genomes would be a single-nucleotide polymorphism (SNP) map 
that is one the most straightforward and most reliable ways to map genome loci (Davis & 
Hammarlund 2006). SNPs occur in high-density and are easy to identify by whole genome 
sequencing. In this study, scaffolds were placed onto pseudochromosomes based on the 
available reference genomes. Having a map would improve the assemblies by orienting 
and ordering scaffolds into chromosome pseudomolecules based on the true relationships 
between them. Consequently, potential large-scale structural variations between theses 
taxa and other Oryza species could be discovered and investigated.  
Discovery of potentially new and valuable alleles relies on the quality of functional 
annotation of the genome. The results from gene space annotation (low numbers of 
predicted gene models) have indicated the need for improvement of protein coding gene 
annotation. This could be facilitated by sequencing the mRNA transcripts from wild rice 
samples by means of whole transcriptome shotgun sequencing, also called RNA-seq. The 
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annotation pipeline adopted here requires expression evidence to be able to predict gene 
models. Collecting more evidence in the form of full-length transcripts would positively 
influence the numbers of gene models detected and the overall success of the wild rice 
genome annotation.  
Molecular and morphological evidence gathered in this and other studies (Sotowa 
et al. 2013; Tikapunya et al. 2016; Wambugu et al. 2015) clearly indicates that the two 
recently recognized Australian wild rice taxa might be new species that are not only 
distinct from the species they were previously defined as, O. rufipogon, but also from one 
another. At this point, these taxa require a formal taxonomic description, scientific naming 
and publishing as new species. However, the description of a newly discovered species is 
a task for a specialist and further collaborations will be necessary to achieve this according 
to established taxonomic guidelines. 
The findings of this thesis show that tropical Australia may hold more genetic 
diversity within wild rice populations than had been previously recognized. Herein only two 
individuals coming from two different sites have been characterised. Therefore, there is a 
need for further collections and descriptions of more populations in order to determine their 
distribution across northern Australia as well as variations between and within the 
populations. Great opportunity exists for discovery of new sites where wild rice is present, 
new taxa and, possibly, more new species with the ultimate goal of protection and 
conservation, both ex situ and in situ, of those populations.  
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